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Abstract 
When the reactions of the caged transition metals [Ruill(sar)]3+ and [FeIII(sar)]3+ with o2 
were investigated, it was found that oxidation to form a coordinated imine occurred at 
different rates and with different regioselectivity depending on which metal was present 
For [FeIII(sar)]3+ it is possible to form two imines in one five-membered chelate ring of 
the ligand slowly while in [Ruill(sar)]3+ it is possible to form six imines in the caps of the 
ligand relatively rapidly. The rapidity and regioselectivity of the oxidations for the 
[Ruill(sar)]3+ species was surprising and the reasons why the oxidation did not lead to 
the fonnation of a seemingly thermodynamically favourable conjugated fragment was not 
understood. In order to examine these problems, the [Ruill(sar)]3+ cage was dissected 
into its component parts namely the complex ions [RuIII(tame)2]3+ representing the cap 
fragment and [RuIB(en)3]3+ representing the three five-membered chelate rings of the 
cage. The reactivity and the structures of these and related complexes in the II, ill and IV 
oxidation states have been examined along with some of the imine products. 
An imponant result from this work is that there is unassailable evidence that the 
mechanism proceeds via a M(IV) species as opposed to a coordinated metal radical. All 
the processes_examined involve a deprotonated M(III) species. Once some deprotonated 
M(III) is present, the M(Ill) state disproportionates to M(IT) and M(IV) species. The 
M(IV) species can be either singly or doubly deprotonated, and both forms lead to 
oxidation to form an imine. 
The disproportionation rate varies radically depending on the nature of the metal centre. 
[Ruill(sar)]3+ disproportionates seven orders of magnitude faster than [FeIB(sar)]3+. 
This difference arises since the products from the ruthenium disproportionation are 
relatively more stable than the corresponding iron complexes. [Rufll(sar)]3+ 
disproportionates four orders of magnitude faster than [Ruill(tame)2]3+ or [Rufll(en)3]3+. 
This difference arises since the pKa for [Ruill(sar)] 3+ is four orders of magnitude lower 
than that of the other two complexes. [Ruill(sar)J3+ has a low pKa since deprotonation 
relieves the inherent strain in the complex, and the rate of disproportionation of 
[RulII(sar)]3+ is correspondingly greater since the deprotonated substrate is more 
accessible. 
The rate of oxidation of the ligand by Ru(IY) was also found to be strain related; the two 
component complexes which represent the cage undergo ligand oxidation approximately 
five orders of magnitude faster than the parent cage. Tius difference occurs since there is 
no apparent steric inhibition to the formation the imine complexes [RuII(imtame)(tame)]2+ 
and [RulI(en)2(imen)]2+, but the formation of [RuII(imsar)]2+ results in an increase in 
strain that is also apparent in the parent species [RulII(sar)]3+. 
The regioselectivity of the [RulII(sar)]3+ and [FelII(sar)]3+ oxidations can be rationalised 
since the molecules have different geometries in the M(IY) state. For Ru(IY) the ligand 
geometry is such that the imine formation in the cap is favourable, while for Fe(IY) the 
orientation is such that the imine formation occurs in the five-membered chelate ring. 
Overall, these oxidation reactions clarify the complex chemistry of high oxidation state 
metal-amine complexes and indicate the steric reasons for the rate and regioselectivity 
patterns that are observed. Such understanding should help in the design of new 
oxidation systems using Fe(IY), Ru(IY) or other high oxidation state elements capable of 
accepting electron pairs from a donor oxygen or nitrogen. 
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Introduction 
1 
2 
1.1 Introduction 
For a considerable time the focus of a number of papers has been on the ability of metals 
in high oxidation states to promote oxidations of coordinated amines. Some examples of 
these oxidations are-
1. With iron l as in 
2. With nickel2 as in 
;\ ~2+ 
I-IN N 
"" / Niu 
/ "' I-IN NH 
\_) 
3. With copper3 as in 
I\ 
HN NH 
""Cu{ / "'N-HN i \_/ 
4. With ruthenium4 as in 
5. With osmium5 as in 
6. With platinum6 as in 
As well as the oxidation of coordinated amines similar reactions can also occur for 
coordinated alcohols 7, as in the oxidation of an alcohol to a ketone 
3 
The preceding reactions are all examples of intramolecular oxidations. Intermolecular 
oxidations by high oxidation state metal compounds have also been studied, for example 
the reaction8 
(trpy)(bpy)Ru=02+ + (CH3)zCHOH - (trpy)(bpy)RuOHi+ + (CH3)zC=O 
(trpy= 2,2',2"-terpyridine; bpy= 2,2'-bipyridine). 
Reactions of this type highlight the ability of transition metals in high oxidation states to 
act as controlled oxidants in organic synthesis. 
The present project was prompted by the related oxidations which occur with 
[Feill(sar)]3+ and [RuIIl(sar)]3+ (sar = 3,6, 10, 13, 19-hexaazabicyclo[6.6.6]icosane). The 
4 
oxidation reactions of [Feill(sar)]3+ and [Ruill(sar)]3+ are regioselective. In the iron 
complex the imines form in the five-membered chelate ring of the cage,9 whereas in the 
ruthenium complex the imines form in the cap of the cage.10 Both molecules can be 
oxidised further, in the case of iron to a di-imine complex and for ruthenium to a 
hexa-imine complex . 
H -y+ H 12+ H -f+ 
~ ~ ((:? (Q~NHJ HN NH N (t1?) [ Qt(J 
HN I NH ,/1"' ~ 
l:p t:µ lp 
H H H 
[Fe(sar)]3+ [Fe(imsar) 12+ [Fe(diimsar)]
2
+ 
H -y+ H 12+ H 12+ 
~ ~ «) 
HN NH NH HN NH N C~<"J L QK J [ Qt(J t:µ T:µ ~ 
H H H 
[Ru(sar)]3+ [Ru(imsar)]2+ 
[Ru(hcxaimsar) 12+ 
The oxidation of [Ruill(sar)]3+ was unusual since this reaction was very rapid even in 
acidic solutions. IO For example, the imine formation occurred in less than one second at 
pH 2.3. This is in contrast to other Ru(Ill)-amine complexes which are usually stable 
under acid conditions.11 So both the unusual reactivity and regioselectivicy were 
intriguing and this study was aimed at probing how ruthenium and iron influence the 
rapid oxidation of the organic cage molecules such as sar and the related ligands tame 
( tame = l , l, 1-tris( aminometh yl )ethane) and ethy lenediamine. The latter ligands were 
chosen for this study since these ions represent two fragments of the cage, i.e. the cap 
5 
which is modelled using complexes of tame and the body of the cage which is modelled 
using complexes of three ethylenediamine ligands. 
H 
~ CH, 
HN NH NH ~ [ ( J H,N NH, NH, l:p 
H 
sar 
1.2 Some Early Work 
tame ethylenediamine 
The stability of coordinated imines has long been established, early examples include the 
iron(II) complexes of biacetyl-bis-N-methyliminel2 and the nickel(Il)-imine complexes of 
Me6[ 14]4, l l-dieneN4.13 
;\ 
N 
The identification of imines as the products of oxidation of coordinated amines can be 
difficult. The identification of the products from the oxidation reactions of ruthenium-
amines was originally confusing. Elsbernd and Beattiel4 investigated the aerial oxidation 
reaction of [Rull(en)3]2+and were able to show that-
I . a four electron oxidation had occurred 
2. the product consisted of three ethylenediamine residues and two iodide ions per 
ruthenium. 
3. the product was diamagnetic 
4 . both [Rull(en)3]2+ and [Rulll(en)3] 3+ could be oxidised to the same product 
5. the oxidation of [Rull(en)3] 2+ occurred with the loss of four protons 
6 
6. attempts to reduce the product did not result in the reformation of [RuII(en)3]2+ or 
[Ruill(en)3]3+ 
7. the oxidised product was stable for several weeks in neutral and acidic solutions. 
Nevenheless, the actual nature of the product eluded them. It was not until Lane, et a/.15 
were able to show by NMR and X-ray photoelectron spectroscopy that a 
ruthenium(m-di-imine had formed that the structure of the product was understood. The 
lH NMR spectrum revealed a signal at 8.8 ppm which was assigned to an imine 
(-HC=N-) fragment and X-ray photoelectron spectroscopy confirmed that the product 
was a ruthenium(m complex. So the oxidation of [RuII(en)3]2:'" required the loss of four 
electrons and four protons to form [Run(diirnen)(en)2]2+. The simplicity of the lH NMR 
spectrum implied that a molecule of high symmetry had formed. The absence of any 
splitting of the single irnine signal was attributed to the fact that both imines were in the 
same ethylenediamine ligand rather than in separate chelate rings. The product of the 
oxidation was now unambiguously identified. The di-imine contained no oxygen from 
the molecular oxygen which was used as one of as the oxidants and this implied that the 
molecular oxygen was functioning simply as an electron transfer agent. 
2+ [Ru(en),J 
NH ,2+ / J ... I(enh Rull 
"' ~ NH 
Subsequently it was found that monodentate ligands such as methylarnine could also be 
oxidised in this way when coordinated to ruthenium(ll).16 The oxidation of 
[Rull(CH3NI-12.)6]2+ did not stop with the formation of the appropriate imine but 
continued until all the methylamines were oxidised to cyanide.16 Oxidations of 
complexes of this type where the length of the chain has been increased (for example by 
condensing benzaldehyde with [Ru(NH3)6]3+) resulted in the formation of coordinated 
nitriles.17 These reactions highlight the ability of ruthenium to be oxidised and reduced 
many times, with this process only stopping when the ligands can be oxidised no further 
or the redox potential for the complex gets too positive (> I V). 
7 
Goedken found that when a basic solution of [Fell(CN)4(en)J2- (or other similar 
complexes containing related 1,2-diarnine ligands) were treated with an oxidant, the 
amine groups were easily oxidised to imine groups. lb, 18 For this reaction he was able to 
isolate [Feill(CN)4(en)]+ as an intermediate indicating that the metal centre was oxidised 
before the ligand. He invoked a high oxidation state of iron as the oxidant but the 
mechanism was not elaborated further.lb 
1.3 Possible Mechanisms 
Variations in the above reactions come from the presence or absence of Oi and in order to 
unravel the kinetic events it is necessary to exclude Qi. Under these circumstances two 
basic mechanisms have been proposed for these oxidative dehydrogenation reactions. 
The first involves the formation of a M(II)-radical species and the key steps are 
1 . deprotonation of the metal(III)-amine 
2. intramolecular electron transfer of the deprotonated metal(III)-amine to give a 
metal(II)-radical 
3. oxidation of the metal(II)-radical by the metal (IIl)-arnine resulting in a metal(II)-
arninium cation and a metal (II)-arnine 
4 . the loss of a proton from the the metal(II)-arninium cation resulting in the formation 
of a carbon-nitrogen double bond. 
[Mn(arnine)] 2+ 
-=-i 2+ 
R H 
~3+ 
R H 
+ Y-H 
Mll-N+ 
y + w 
Mu-N 
8 
The second mechanism involves a high oxidation state intramolecular electron transfer 
which requires that the metal ion has at least three accessible oxidation sta~narnely 
M(II), M(ill) and M(IV), and the key steps are 
1. deprotonation of the metal(III)-arnine 
2. electron transfer from the deprotonated metal(ill)-amine to the protonated 
metal(IlI)-arnine. The products of this reaction are a metaI(m-amine and a 
deprotonated metal(IV)-amine. The latter will have increased bond order in one of 
the metal-nitrogen bonds, which labilises the protons on the a carbon 
3. intramolecular two-electron transfer from the deprotonat~ metal(IV)-amine and 
proton loss results in the final product , a metaI(m-irnine 
-:-12+ 
R H n + 
MII-N 
The background evidence for each mechanistic pathway follows. 
1.4 The Radical Mechanism 
When Goedken and Busch 19 examined the reactions of [Fell(MC6[ 14 ]4, l l-dieneN4) ]2+ 
they found that when the complex was dissolved in acetoniaile it reacted with Oi 
resulting in the formation of ai- and tetra-imines. The oxidation occurred stepwise 
ultimately leading to a mixture of isomers of the tetra-imine complexes. Two isomers of 
the ai-imine and one of the di-imine complexes were also isolated. The mechanism 
tentatively proposed for these oxidations was 
9 
Goedken and Busch suggested that the iron(Im centre withdraws an electron from one of 
the secondary amine sites (presumably the most acidic one), thus generating an iron(TT)-
amine radical. Then an oxidising agent oxidises this radical which in turn undergoes a 
fast rearrangement to form an imine group. Since the formation of a mixture of the 
isomers for the tri- and tetra-imine complexes made this reaction difficult to follow, a 
detailed mechanistic study was not carried out. The radical intermediate was only 
proposed and no direct evidence for its presence was obtained. 
To simplify the products from oxidation reactions of this type Goto et af. la. 20 
investigated the reactions of nine different tetracyano( 1,2-diamine)iron(Iln complexes in 
the absence of oxygen. In all cases they found that disproportionation of these 
complexes led to the formation of the appropriate tetracyano(l,2-diamine)iron(Il) and 
tetracyano(l ,2-di-imine)iron(II) complexes in the ratio of 3: 1. The rate for 
disproportionation of the iron(III) complex followed a third order rate law 
-dfFe(CN)~~diamine)-1 = k [Fe(CN)4(diamine)-]2[0H-] 
10 
where k varied from 1 x 104 to 2 x lQ8 M-2 s-1. When the N,N'-dimethyl ethylene-
diamine analogue was used the rate constant increased by a factor of 1000, but 
substitution at the carbons of the ethylenediamine decreased the rate constants slightly. 
This variation of the rate constant of the substituted groups indicated the possibility that 
either deprotonation of an amine group was involved in the rate determining step or it 
may simply be from an accumulation of secondary isotope effects. The mechanism they 
proposed was as follows: 
I \ 
H R 
' R 
I \ 
H R 
I \ 
H R 
They supponed the formation of the radical intermediate with arguments similar to those 
used by Barefield and Mocella2 and by analogy with the detection of a ligand radical in 
the autoreduction of tetraphenylporphinatoiron(Ill).21 However no conclusive evidence 
for the formation of an iron(IO-radical was presented. 
When Wieghardt et af.22 investigated the reactivity of [Feill(tacn)i]3+ (tacn= 1,4,7-
triaz.acyclononane) they found that in an alkaline solution a deep blue species formed. In 
this case the oxidation of the ligand was slow, which enabled the blue species to be 
characterized. From its epr spectrum they established that it was a low-spin deprotonated 
iron(III) complex [Felli(tacn)(tacn-H+)]2+. They proposed the iron(II)-radical 
[Fell(tacn)("tacn-H+)]2+ as an electronically excited state only . The slow oxidation of the 
ligand was attributed to steric constraints imposed by the formation of a planar -HC=N-
fragment in the oxidised form of the ligand and they observed that ligand dissociation 
occurred in preference to oxidation. 
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1.5 Early Indications of a High Oxidation State Intramolecular Electron 
Transfer Mechanism 
An alternative to the metal-amine-radical intermediate for the disproportionation reaction 
is the formation of a deprotonated metal(IV)-amine. This involves the disproportionation 
of the metal in the III oxidation state to the II and IV oxidation states. The metal (IV) 
state then promotes an intramolecular two electron ligand oxidation. Examples of 
processes which utilise these aspects of the mechanism follow. 
In the same year as the structure of [Rull(diimen)(en)2]2+ was elucidated, 4 Rudd and 
Tanbe25 reported complexes of the type [RuIIl(NH3)5L]3+ (L= pyridine, pyridine, 4-
pyridinecarbinol, 4-pyridinecarboxaldehyde or isonicotinate). They found that above pH 
8 the previously colourless ruthenium(III) solutions developed a strong colour which 
resembled the colour of the corresponding ruthenium(II) complex. Other pertinent 
observations that rhey made were-
1) The concentration of the ruthenium(ll) complex that formed never exceeded 50% of 
the concentration of the ruthenium(TII) starting material. 
2) The formation of the ruthenium(Il) complex was second order with respect to the 
concentration of the ruthenium(III) complex. On this basis they concluded that the 
reaction involved a disproponionation of ruthenium(III) to ruthenium(II) and 
ruthenium(IV), i.e. 
~ 2Ru(III) ~ Ru(II) + Ru(IV) 
3) The disproportionation rate decreased when the pH decreased. 
The study of [RulII(NH3)5L]3+ clearly identified the disproportionation reaction but in 
this system no further oxidation occurred. Since then, other workers26-28 have reponed 
the synthesis and characterization of a variety of ruthenium(ll)-imine complexes, which 
may well arise from such a basic process. The oxidation of coordinated ethylenediamine 
by Os(IV) has conclusively established that a M(IV)-amine is able to effect such an 
oxidation process.5, 24 Dwyer and Hogarth3 l originally synthesized 
[OslY(en)(en-H+)2]2+and [OslY(en)2(en-H+)]3+. Subsequently a crystal structure 
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analysis established that the former complex was an authentic Os(IV) complex and not an 
Os(Il)-imine, in contrast to the studies involving [Ruil(en)3]2+. However, when the 
deprotonated osmium(IV) complexes were dissolved in buffered solutions at pH 7 under 
nitrogen, they oxidised slowly to the mono-imine complex. This reaction was first order 
with respect to Os(IV) and the observed rate constant was - 10-5 s·l. The mono-imine 
complex was readily oxidised to a di-imine complex on exposing the solution to Ci for a 
day. Finally, the di-imine complex was converted to a tetra-imine complex by oxidation 
over a week. The following scheme describes this process in detail. 
oxidation 
-,3+ 
0 2 I 
oxidation /NHJ 
- 1 day 
--- (en)iOsm 
"" 
NH2 
Oz~ oxidation 
- 1 week 
An important conclusion from this work was that removal of the methylene proton and 
electron transfer appeared to be simultaneous. This conclusion was based on an 
experiment where the oxidation was carried out in 020 with no evidence that the C-H 
protons exchanged with deuterons. Another significant feature was that rwo of the 
osmiwn-nitrogen bonds in [OslY(en)(en-H+)2]2+were dramatically shorter than the others 
(-0.3 A). The explanation of this phenomenon was that electron density on the 
deprotonated nitrogen was donated to an empty tig orbital of the d4 Os(IV) ion, 
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effectively producing two osmium-nitrogen 7t bonds. This pronounced bonding effect 
offers an explanation for the observation that the protons of the CL-methylene group are 
acidic enough to be readily removed. The tautomeric effect arising from the high bond 
order between the Os(IV) and coordinated nitrogen is akin to that observed in acetone for 
example in terms of the acidity of the protons on the carbon atom. 
This work also outlines the influence that deprotonation has on a M(n+l}+/M(n)+ redox 
potential. The estimated redox potentials for the protonated, deprotonated and doubly 
deprotonated tris-ethylenediamine complexes of osmium(IV) are given in Table 1.1. 
Table 1.1 The redox potentials for the ois(ethylenediamine)-osmium(IV) 
complexes in acetone at 22 °C in 0.1 M NM<!4S0:3CF3 
Complex 
[Os(en)3]4+/3+ 
[QsIV (en)3-H+] 3+/2+ 
[QsIV (en)3-2H+]2+ 
E' 
-2.0V 
0.29 V 
- -1.2 V 
irreversible reduction 
From the table it can be seen that the effect is obviously substantial, [QsfY(en)3]4+ is a 
powerful oxidant, [Qs1Y(en)2(en-H+)]3+ is a less powerful oxidant and [QsfY(en)(en-
H+)2]2+ is a poor oxidant. As each proton is removed the Os(IV)/Os(ill) couple is 
destabilized by > l V. This trend is also expected to hold for the series of ruthenium 
amines so that the strength of the oxidant decreases in the order: 
[RulY(amine)]4+ > [RulY(amine)-H+]3+ > [RuIY(amine)-2H+]2+ 
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Extending this argument further, it was expected that the [Ruill(amine)]3+ complexes 
would be much better oxidants than the equivalent [Ruill(amine)-H+]2+ complexes 
although the effect would not be as pronounced. 
Clearly the disproportionation process is taking place through either the mono-
deprotonated form or the doubly deprotonated form. The determination of the pKa of 
various metal(IV /Ill/II)-amines was therefore relevant and some discussion of this topic 
follows. 
1.6 Acidity Constants for metal(IV/III/11)-amines 
The determination of the acidity constants of ruthenium and osmium amines has been 
fraught with difficulty, since in most instances reactions occur once these complexes are 
deprotonated. For example, initially a value of 12.4 (± 0.5) was obtained for the 
dissociation constant of [Ruill(NH3)6]3+)2 This value was determined 
spectrophotometrically from the absorbance change at each pH extrapolated back to zero 
time. This strategy corrected for any substitution or disproportionation reaction which 
may have occurred once the compiex was deprotonated. Subsequently it was found that 
the colour of the deprotonated form was dependant upon the presence or absence of 
various anions. The pKa was later redetermined taking into account the possibility of ion 
pair formation,33, 34 and assessed as 13 .1 (± 0.3). The pKa of [Ruill(en)3]3+ is 
difficult to determine because of the base promoted disproportionation reaction. Despite 
these types of problems, the pKa values of various ruthenium- and osmium-amines have 
been evaluated by kinetic, electrochemical and spectrophotometric determinations; a list of 
selected values is given in Table 1.2. 
Table 1.2 The Acidity Constants for various Osmium and 
Ruthenium-Amines. 
Complex pKa reference 
[Rull(sar)]2+ >> 15 10 
[Ru(NH3)~3+ 13.1 32-34 
[RuIIl(sar) ]3+ 6.3 10, 29 
[RuIV (sar)]4+ <0 43 
[Ru1Y (sar)-H+]3+ 3 .0 43 
[Ru1Y (sar)-2H+]2+ > 15 10,44 
[QsIIl(NH3)6]3+ > 15 46 
[QsIII(en)313+ -15 44 
[QsIV (NH3)6]4+ <0 46 
[Os IV ( en)3]4+ <0 45 
[QsIV (en)3-H+]3+ 8 45 
[QsIV(en)3-2H+)2+ > 15 45 
15 
From the table it can be seen that M(IV)-amines are much more acidic than M(III)-amines 
which are in turn more acidic than M(Il)-amines. M(Il)-amines are very poor acids and 
exchange protons slowly in basic solutions. Ru(Il)-amines have been known to behave 
as bases with the metal centre thought to be the site of protonation (some discussion on 
this will follow later).37-40 Fully protonated M(IV)-amines have been observed only in 
cyclic voltammograrns while the more commonly observed form is the singly or doubly 
deprotonated complexes (compare [OsfY(en)3-H+]3+and [OsIV(en)3-2H+J2+). Osmium 
appears to be somewhat more basic than ruthenium in equivalent oxidation states (see 
Table 1.2). Based on the above observations, ruthenium(II)-amines were expected to be 
fully protonated in the pH range encountered in this work, while ruthenium(Ill)-amines 
were expected to be deprotonated in basic solutions. Moreover in the IV oxidation state 
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the ruthenium-amines were expected to be singly deprotonated in acidic solutions and 
doubly deprotonated in basic solutions. 
Clearly, to this point the metal ion, the pH, the presence or absence of Qi, the redox 
potentials, the disproportionation rate and the unirnolecular oxidation path are all 
significant features of the process. This does not even talce into account the demands of 
the ligand reductant which is clearly influential in some circumstances. The complexities 
of the reactions therefore need to be better understood. 
1.7 Detailed Studies of the High Oxidation State Intramolecular 
Electron Transfer Mechanism 
Recent examples, where the overall process has been simplified by confining the oxidation 
to one site . enables the processes to be dissected in detail 
J 
1. 7 .1 The oxidation of [Rull(bpy)i(ampy)] 2+. 
A difficulty in the study on [RuIIl(en)3]3+ was that there were six possible sites for 
oxidation. This was simplified by studying [RulI(bpy)2(arnpy)]2+ where there is only 
one site for oxidation (ampy= 2-(aminomethyl)pyridine).28 The sole product from the 
oxidation of this complex was [Rull(bpy)2(impy)]2+ (impy= 2-(iminomethyl)pyridine) 
where only one additional C=N has formed. Keene and Ridd35 have conducted a 
detailed investigation of the oxidation of [Rull(bpy)2(arnpy)]2+ and proposed the 
mechanism shown in the following scheme. 
[(bpy)2Rullampy]2+ ~ [(bpy)Ru1Ilampy]3+ + e· 
k2 
[(bpy)iRurrampy]2+ + 
[(bpy)iRuIY (ampy-W)f + 
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[(bpy)2Ru1v(ampy-H')f+ 
Tilis mechanism involves deprotonation of the ruthenium(III) complex before 
disproportionation. Thermodynamically, the electron exchange between a protonated 
Ru(Im-amine and a deprotonated Ru(Ill)-amine is favoured over electron exchange 
between two protonated Ru(III)-amines. The equilibrium const_ant for the 
Ru(IV)-H+fRu(ill)-H+ couple is at least 10 orders of magnitude more favourable than 
that for the Ru(IV)/Ru(III) couple by analogy with the equivalent Os chemistry (see Table 
1.2). Once the ruthenium(Ill) complex is deprotonated the electron exchange between the 
protonated form and the deprotonated form occurs. This results in the formation of a 
fully protonated ruthenium(li) complex and a deprotonated ruthenium(IV) complex. The 
latter can then undergo a two electron intramolecular oxidation to form the ruthenium(II)-
imine product. 
From a numerical analysis of the rates for the third equation in the above scheme, Keene 
and Ridd determined two solutions for k2 as 5 x 106 or 5 x 109 s-1 and two solutions for 
k3 as 1 x 109 or lxlOlO M-1 s·l respectively. With these pairs of rate constants the pK3 
for the ruthenium(III) complex was deduced as either 2.4 or 0.3 respectively. They 
argued that the 2.4 solution was more likely . Generally, this low pKa was explained in 
terms of the pyridine ligand increasing the Lewis acidity of the Ru(Ill) centre and of 
deprotonation relieving the strain involved with the chelate ring. 
The value determined for the disproportionation rate constant (k4) was ( 1.1 ± 0.2) x 109 
M-1 s· l. Another route for the disproportionation step involves two deprotonated Ru(ill) 
complexes undergoing electron exchange. This would occur when the pH > pKa but 
practical difficulties prevented the investigation of this pathway. 
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The first order rate constant k6 for the oxidation of the ampy ligand was determined to be 
93 ± 3 s· 1. This oxidation cannot simply be a transfer of electrons from the ligand to the 
metal. In the discussion of this oxidation, two possible mechanisms were presented. 
One involved intramolecular hydride transfer from the methylene carbon to the 
ruthenium, the other involved base assisted proton-abstraction. The activated complexes 
for both mechanisms are depicted below 
In the first mechanism it is argued that a concened hydride transfer from the methylene 
carbon to the Ru(IV) centre occurs, as well as an intramolecular two electron transfer 
from the deprotonated N, thus convening Ru(rY)-H· to Ru(II)-H+. In this case donation 
of electron density from the deprotonated nitrogen centre to the Ru(IV) metal centre leads 
to an unusually high electron density on the Ru. In this way the Ru(rY) centre would 
then approach Ru(II) in character. Acid catalysed substitution reactions for 
Ru(II) complexes have been interpreted in terms of protonation of the metal centre.37-42 
So protonation of the metal would seem feasible at least in an activated complex. For the 
second mechanism the base removes a proton on the methylene carbon, and the resulting 
electron shifts result in the formation of a C-N double bond and reduction of Ru(IV) to 
Ru(m. Both proposed mechanisms are consistent with the kinetic data but no conclusive 
evidence was obtained for either pathway. 
1. 7 .2 The oxidation of [Rulll(sar)J3+. 
[Rulll(sar)]3+ rapidly oxidises to [Ruil(imsar)]2+. This oxidation occurs even in strongly 
acidic solutions. IO The proposed mechanism is shown in the following scheme. 
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e 
-
H 1 3+ 
H 1 2+ ~ ~ 
HN NH NH CQKNJ C QK J Ka - + Ir t:µ t:µ 
H H 
H -f+ H 1 3+ ~ ~ HN NH N .. ( Q!( J ko HN NH N [Rurn(sar)]3+ + [RuII(sar)J2+ + ( Qf(J 
HN I NH k-d c:p t:µ 
H H 
H 13+ H 12+ 
~ ~ 
HN NH N C~(J ( Qf(J 
HN I NH ~~ c:p 
H H 
Here the mechanism is similar to that of Keene et al., where the disproportionation step 
involves electron transfer from a deprotonated ruthenium(IlI)-arnine to a protonated 
ruthenium(III)-arnine and gives rise to a deprotonated Ru(IV)-amine. The rate constant 
for the disproportionation was measured as (6-9) x 101 M-1 s-1 and the rate constant for 
the comproportionation was calculated as 6.2 x lQ3 M-1 s-1. The deprotonated 
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ruthenium(IV)-arnine is then oxidised to a ruthenium(II)-imine. This was the first direct 
observation of the Ru(IV) intermediate which was quantitatively generated under suitable 
conditions. The first order decay of this species was then separately observed, the 
product being [Rull(imsar)f+. The reasons for the facile oxidation by the Ru(IV) 
intermediate were also explored in this paper. 
An acid catalysed pathway for the oxidation of [RullI(sar)]3+ was also a novel feature of 
the reaction. Such catalysis had not previously been seen. Possible sites for protonation 
are the nitrogen or the metal ion although protonation at a nitrogen would inhibit the 
labilisation of protons on the methylene groups. It was therefore argued that the metal 
was protonated and that this would be equivalent to the acid catalyzed proton exchange 
for acetone, i.e. enolisation. Such a path is only feasible if the donation of the lone pair 
of electrons on the nitrogen atom to the Ru(IV) ion makes the electron density on the 
Ru(IV) similar to that in Ru(II). It was also found that in acidic solutions the imine group 
could be hydrated, as shown 
H 1 2+ H 13+ H~ HiYr; (~(NH] kH (QI/NH H30+ + )r~ }H k.H 
lp lp 
H H 
The rate of hydration was independent of the acid concentration in the limit but the 
equilibrium for the above reaction was acid dependant and hydration alone could not 
account for this. Since the rate of hydration was faster than any known substitution 
reactions on Ru(ID , a rapid Ru-N bond breaking and subsequent protonation process 
was excluded. Alternatives were addition of a proton to the metal or to the imine 
nitrogen 1t orbitals. Of these, protonation of the metal centre seemed to be the more 
likely alternative given the earlier history.37-42 So in an indirect way this reaction also 
offers some support for the possibility of protonation of the metal centre. 
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1. 7 .3 The oxidation of [FelII(sar)] 3+. 
There is limited data for this system but Hagen et a/.9 have shown that when a basic 
solution of [FeIII(sar)]3+ is exposed to air, oxidative dehydrogenation occurs with the 
formation of a di-imine.2 Exposure to air does not appear to oxidise the cage funher than 
the di-imine. In this case, the imine formation occurs exclusively47 in the five-membered 
chelate ring of the cage. 
1.8 This Work 
There are many factors which influence this chemistry. The rates of oxidation of the 
amines by ruthenium and iron vary considerably. The redox potentials for these 
complexes vary for the (III/II) couples, (IV /III) couples and the deprotonated (IV /III) 
couples. The disproportionation between the trivalent species and its deprotonated form 
seems a common feature. Whether radical ligands are involved or not or whether the 
M(IV) and M(II) oxidation states are the products of disproportionation are still 
unresolved issues in some instances. How and where the final oxidation step occurs also 
needs to be understood. The iron and osmium reactions are slower than those of 
ruthenium and all the oxidations for the ruthenium cage occur in the caps while for iron 
they take place in the five-membered chelate ring. The latter leads to a conjugated 
di-imine so it is somewhat surprising that the ruthenium system oxidises in the caps. It 
was therefore decided to dissect the [RulII(sar)]3+ cage into its component parts, namely 
[RulII(tame)2]3+ and [Ruril(en)3]3+and examine the reactivity and the structures of as 
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many of the Ru(Il), Ru(III), Ru(IV) and imine products as possible for these complexes. 
Similarly the [Feill(sar)]3+ system required a close examination with respect to the 
oxidation of the ligand, the snuctures and properties of the ions involved. 
Understanding the factors that affect the high valent metal ion mediated oxidation of 
amines to imines by high valent metal ions is clearly important so that these oxidations 
can be done rapidly and cleanly. These experiments point the way to the development of 
new catalysts and reagents in this area for at least amines and alcohols. 
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47. In this thesis in discussions of regioselectivity the word "exclusively" implies that 
the regioselectivity of a reaction has been determined to be greater than 99% by 
NMR spectroscopy. 
CHAPTER TWO 
Experimental 
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2. 1 Synthetic Techniques 
Standard Schlenk or cannula techniquesl were used for the manipulation of air-sensitive 
solutions. 
Salts of air-sensitive complex ions could be exposed to air for brief periods without 
decomposition. Exposure of salts to air for longer than 10 minutes caused some 
decomposition. Salts that are hygroscopic are very air-sensitive and extreme care was 
taken to minimize the exposure of these salts to air. An argon atmosphere was 
generated around the complex salts by placing them in a Schlenk flask connected by 
rubber tubing to an argon/vacuum line, the flask was then evacuated and filled with 
argon. This procedure was repeated at least three times. 
All solvents used for air-sensitive work were saturated with argon immediately prior to 
use. Typically the solutions were purged with argon via a teflon needle insened through 
a rubber septum with another piece of teflon tubing used as a bleed valve. Purging 
times were varied depending on the volume of the solution but purging was continued 
for at least 20 minutes and for large volumes for approximately 40 minutes. All 
solutions of fixed concentrations were purged with argon-saturated with the appropriate 
solvent. 
2. 2 Materials 
Doubly deionized, Milli-Q Reagent water was used for kinetic experiments. 
Commercially available argon was passed over molecular sieves and a BASF catalyst 
prior to use to remove traces of water and Qi. The ruthenium powder was obtained 
from Platinum Chemicals. All organic solvents were dried by appropriate techniques.2 
Other reagents were of analytical grade and used without funher purification. Sodium 
hydroxide solutions were purchased as carbonate-free volumetric solutions and stored 
under N2. LiCF3S03 was dried overnight in an oven prior to use. 
Na3Fe(CN)6 was prepared by passing a solution of K3Fe(CN)6 through a Dowex 
50WX-2 column in the Na+ form. 
Anal. for Na3[Fe(CN)6].2H20: Calcd. (found): C, 22.74 (22.9); H, 1.27 (1.0); N, 
26.52 (26.2); Fe, 17.62 (17.5), K, 0.00 (0.0). 
The sample of [(~s)3MeAs]i K[Os(CN)6].H20 was supplied by Prof. A.M. 
Sargeson. 
Anal. for [(C6Hs)3MeAs)i K[Os(CN)6].H20: Calcd. (found): C, 50.53 (50.3); H, 
3.66 (4.0); N, 8.03 (7.7). 
2. 3 Physical Measurements 
2. 3 .1 Absorption spectra and kinetics 
28 
Absorption spectra were recorded with HP 8450 or Cary 118 spectrophotometers. The 
solutions used for recording the absorption spectra were prepared by dissolving a 
known amount of the complex in a known volume of the appropriate argon-saturated 
solvent. The solutions were bubbled with argon for 20 minutes and the spectrum was 
then recorded. The time taken from preparation of the solutions till the spectra were 
recorded was - 25 minutes. For the ruthenium(II) solutions, a piece of amalgamated 
zinc was added during the argon bubbling procedure. 
For kinetic experiments on the HP 8450 and Cary 118 spectrophotometers a home-made 
thermostatted mixing device was used. This consisted of two teflon reservoirs with 
teflon syringes connected to a mixing chamber with the outflow connected to a 
thermostatted spectrophotometer cell. Fast kinetic experiments (t112 < 10 s) were 
performed with an Applied Photophysics SF 17 MV stopped flow spectrophotometer. 
The oxidation of [RuilI(tame)2]3+ and the other M(III) species was followed at different 
wavelengths by observing the appearance or disappearance of the panicipating 
species.4a The oxidants used to generate the Ru(IV) oxidation state were Qi, 
[Fe(CN)6]3- and [Os(CN)6]3-. Due to the air sensitivity of [Rufl(tame)2]2+, 
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[Rulll(tame)2]3+, [RulV(tame)2-H+]3+ and [RulY(tame)2-2H+]2+ towards oxidation, the 
following precautions were taken to exclude air from the reaction mixture. All solutions 
were saturated with argon for 20 minutes prior to use and the experiments were carried 
out as quickly as possible. The sample handling unit of the stopped flow 
spectrophotometer, and the hand mixer were enclosed within glove bags with a nitrogen 
atmosphere. As a precaution against Oi absorbed onto the PTFE flow lines of the 
stopped flow sample handling unit,3 the reagent reservoirs, drive syringes, stopping 
syringes and flow lines were soaked overnight with a sodium dithionite solution 
(5 x 10-3 M buffered at pH 8.0). The equipment was then washed with argon-
saturated deionized water. The circulating solution in the thermostat bath was tris/HCl 
buffer (pH - 8) and nitrogen was continuously bubbled into this solution. Sodium 
dithionite (1 g) was added to this buffer at regular intervals to ensure that the system 
was Di free. 
The two solutions used for the kinetic experiments were prepared as follows. A known 
volume of 0.001 M HCl04 was flushed with wet argon for 20 minutes after which a 
known amount of salt of the metal-amine was then added.4b The other solution was 
prepared similarly by flushing a standard NaOH solution or a buffered solution with 
argon saturated water for 20 minutes and then adding a known amount of oxidant when 
required. Finally both solutions were transferred under N2 to the reservoir chambers of 
the stopped flow or hand mixer. All experiments were performed at 25.0 ± 0.2 °C. 
Unless otherwise indicated, solutions were adjusted to 0.10 M ionic strength with 
NaCl04. 
All reactions were followed for at least three half-lives with an average of three 
experiments performed per set of reaction conditions. With these precautions the 
observed rates were reproducible to within 10%. The following buffers were used in 
the kinetic experiments: guanidine hydrochloride/LiOH (pH: 11.7-12.5), 
piperidine/HCI (pH: 10.6-11.2), cyclohexylaminopropanesulfonic acid (caps)/LiOH 
(pH: 10.3-10.6), piperazine/HCl (pH: 9 .5-10.1 ), 2-(cyclohexylamino)ethanesulfonic 
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acid (ches)/LiOH (pH: 9.2-9.5), diethanolamine/HCl (pH: 8.5-8.9), 
tris(hydroxymethyl)aminomethane (tris)/HCl (pH: 7 .6-8.5), 4-(2-hydroxyethyl)-l-
piperazine-ethanesulfonic acid (hepes)/LiOH (pH: 7 .3-7 .8), 1,4-piperazinebis 
(ethanesulfonic acid) (pipes)/LiOH (pH: 6.6-7 .1) and 2-(N-morpholino)ethanesulfonic 
acid (mes)/LiOH (pH: 6.0-6.4). All buffers were stored under nitrogen to prevent 
absorption of C()i. 
The pH of each buffer was measured at 25.0 °C, with a Radiometer 26 pH Meter, with a 
G202D glass electrode and a K401 calomel reference electrode. The pH meter was 
calibrated with a sodium/potassium phosphate buffer (pH 7 .00) and a potassium 
phosphate/sodium borate buffer (pH 9.00). All measurements were conducted under a 
blanket of nitrogen. 
The absorption spectra of short lived species such as [Ruill(tame)2-H+]2+, 
[RulV(tame)2-2H+]2+ were characterized with the stopped flow spectrophotometer. A 
series of experiments was carried out in which a slightly acidic solution of the metal-
amine was mixed with a NaOH solution and the absorbance of this solution was 
measured as a function of wavelength. A trace was recorded for 0.1 sat various values 
between 350-700 nm and each trace was extrapolated to zero time. 
2.3.2 Acidity constants 
The acidity constants for the M(III)-amines of this work were detennined 
spectrophotometrically with the use of the stopped flow spectrophotometer. Two 
solutions were prepared in the same manner as those used for the kinetic experiments. 
The wavelength was set to the Amax of the deprotonated species of interest. The fully 
protonated forms of these complexes have negligible absorbances at these wavelengths. 
At each pH a trace was recorded for 0.1 s and the data extrapolated back to zero time. 
After a preliminary determination of the pKa was made, a series of buffers (each 0.02 
M) was prepared so that the determinations were made at the pKa and the pKa ± 0.2, ± 
0.4 and ± 0.6. 
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Other buffers outside this range were used to confirm that on either side of the pKa the 
absorbance of the complexes came to a limiting value. The pKa values were then 
determined by the standard methcxi.5 Generally for a system 
HB 
where the absorbance of B· is greater than the absorbance ofHB (at the analytical 
wavelength), the pKa is related to the absorbance and pH by 
where 
2.3.3 
pKa =pH+ log (Aobs .. AHs) 
As· - Aobs. 
AHB = the absorbance of the fully protonated form 
As·= the absorbance of the fully deprotonated form, and 
Aobs. = the observed absorbance. 
NMR spectra 
l H and l3C NMR spectra were recorded on either a Varian XL 200E or VXR 300 
spectrometer. Chemical shifts ( , positive downfield) are given relative to 
3-(trimethylsilyl)-propane sulfonate (tss) or 1,4-dioxane. The 1 H signal of the methyl 
group of tss was referenced as 0.00 ppm and the l3C signal of 1,4-dioxane as 66.5 
ppm.6 The samples for NMR spectroscopy were prepared by placing the compound in 
a 528-pp NMR tube which was placed in a holding device that allowed the NMR tube to 
be evacuated and purged with argon, which was done at least three times. The 
appropriate argon-saturated solution was then added, under positive pressure of argon, 
with the use of teflon tubing. The NMR tube was then stoppered (under argon). For 
samples where reactions were followed for several days, the solution was frozen with 
liquid N2, the NMR tube was evacuated and the tube sealed. 
-In MeCN the potential of the reference Ag/AgCl/nBU4NCI/MeCN electrode vs Fe(cp)2+ft> 
was 0.241 V. 
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2.3.4 Structure determinations 
Structure determinations were carried out by Prof. Hans-Beat Bilrgi and Dr. Andrea 
Raselli at the Universitiit Bern, Switzerland The data were collected on an Enraf-
Nonius CAD4 diffractometer with a graphite-monochromated MoKa radiation with a 
low-temperature attachment. The temperature was lowered in steps with the cell 
parameters being refined after each step. A slight recentering of the crystals was 
necessary at the lowest temperature. During data collection the orientation was checked 
every 100 reflections and three reflections were used to monitor crystal decay. The 
crystal data for each compound is given in the appropriate chapter. 
2.3.5 Electrochemistry 
Redox potentials were detennined from cyclic voltamrnograrns. The cyclic 
voltammograms of the compounds in aqueous solution were recorded with a BAS-100 
system with the normal three-electrode configuration (working electrode - gold, 
platinum or glassy carbon; counter electrode - platinum; reference electrode - Ag/AgO in 
saturated NaCl, +0.24 V vs NHE). The redox potentials? are quoted calculated against 
NHE with the couples [Ni(sar)]3+/2+ and [Ru(NH3)~3+/2+ used as calibrants.9 The 
cyclic voltammograms in acetonitrile were recorded with a PAR 173/17 4 system 
(working electrode-platinum, reference electrode - Ag/AgCl in 0.5 M 
BU4NCVacetonitri1e, otherwise as above). The formal potentials in acetonitrile are 
quoted vs Ag/AgCVnBU4NCVMeCN. Controlled potential coulometry was performed 
with the PAR 173/174 system with a platinum basket as the working electrode. 
2.4 Electron Self-Exchange Rate 
The procedure for measuring the electron self-exchange of [Ru(tame)2]2+/3+ was the 
same· as that described for the electron self-exchange of [Ru(tacn)2)2+/3+. 8 The 
I H NMR linewidth of the methyl (CH3) and methylene (CH2) signals of 
[Rull(tame)2]2+ were measured as a function of the concentration of added 
[Ruill(tame)2]3+. The linewidth (!::.v112) in this type of system is related to the 
transverse relaxation time (T 2) by the expression 
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Since the transverse relaxation time is related to the concentration of the paramagnetic 
species by 
the relationship between the linewidth, the concentration of [Ruill(tame)2]3+ and the 
self-exchange rate constant is 
2. 5 Syntheses of Starting Materials 
2. 5 .1 Hexaaquaruthenium(Il)ruthenium toluene-4-sulfonate 
Bernhard et al. have reponed the synthesis of the [Ru(H20)6]2+ complex free of 
contamination by tin, lead or zinc.10-12 Details of this procedure were supplied by 
Bernhardl0-14 and the overall reaction is summarized in the following Scheme. 
Ru 
Na20 2 NaRu04, Na2Ru04 
H20 Ru04·, Rua/· 
!::. 
I. Nal04 
2. H2S04 
Ru(H20)/+ 
Pb, H2SiF6 Ru04. 
Argon 
The original preparation has been modified to overcome some of the experimental 
difficulties associated with this preparation. [Ru(H20)]2+ can now be efficiently 
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prepared from Ru, Ru{)i, Ru sponge or RuCl3.H20. 12 In a typical preparation, Ru 
powder (2 g, 20 mrnol) was fused with Na20i (8.0 g, 0.10 mol) in a nickel crucible. 
The melt was then heated to red heat for 10-15 minutes. After cooling, the solidified 
material was dissolved in 70 ml of water. The dark brown solution contains a mixture 
of ruthenate, Ru042·, and perruthenate, Ru04·. This solution was added to a three-
necked 250 ml round bottom flask containing NaI04 (10 g, 50 rrunol). The flask was 
equipped with an argon inlet bubbler, a dropping funnel containing 50% ice cold H2S04 
(100 ml) and a condenser connected to a series of Pb, H2SiF6 traps. To a 500 ml round 
bottom flask (the first trap) was added 30-40 g of Pb granules (activated in 50 ml 30% 
HN03) and 500 ml of 1 M H2SiF6. The remaining traps each ·contained - 5 g of 
activated Pb and 50 ml of 1 M H2SiF6. All joints were grease-free (except the key on 
the dropping funnel) and the traps were linked with a minimum of tubing. The reaction 
flask was cooled in ice, and argon was bubbled through the solution for 20 minutes. 
The argon stream was then reduced, and the ice cold H2S04 was added dropwise with 
stirring over 1 hour. At this rate of addition the reaction mixture stayed cold. During 
the addition of H2S04 a yellow suspension of Ru04 formed. In the 500 ml flask, the 
solution turns yellow and as the reduction occurs the solution darkens. On completion 
of the addition of H2S04 the reaction mixture was allowed to warm to room temperature 
and the argon flow was continued until the solution in the three-necked flask became 
virtually colourless and the H2SiF6 solution (500 ml flask) had turned deep red. 
Reduction was incomplete if the solution in the 500 ml flask was still brown. Complete 
reduction may take several days. 
On completion of the reduction, 100 ml of argon-saturated 2 M H2S04 was added to the 
red H2SiF(/[Ru(H20)6]2+ solution. After standing for 30 minutes the precipitated 
PbS04 was removed by rapid filtration through a large glass frit The filtrate was 
diluted with 2 1 of argon-saturated water and immediately loaded onto an ion-exchange 
column (see below). The [Ru(H20)6]2+ was eluted with - 1.5 L of 1.8 M p-toluene 
sulfonic acid. The pink-red fraction was collected (- 800 ml) and concentrated under 
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vacuum (- 0.1mm Hg and T < 40 °C) until a pink crystalline precipitate formed. The 
collecting vessel on the rotavapor was cooled with dry ice and a dry ice trap was 
installed between the pwnp and condenser to collect any escaped water vapour from the 
first trap. Heating to - 40 °C redissolved the precipitate. Slow cooling to -2 °C gave 
pink prismatic crystals and a very viscous solution. The crystals were isolated by 
filtration, washed with ethyl acetate ( to remove any co-crystallized p-toluene sulfonic 
acid), then ether and vacuum dried for 2 hours. Yield 7 g, 65%. 
Anal. for [Ru(H20)6](C7HgS03)2: Calcd. (found): C, 30.49 (30.4); H, 4.75 (4.5). 
2.5.2 Ion Exchange Under an Inert Atmosphere 
Typically for the [Ru(H20)6]2+ synthesis, 120 g of Dowex 50 WX8 (50-100 mesh) 
was required. The resin was convened to the H+ form with 1 M HCI and washed with 
water until the eluate was CI· free (confirmed by the addition of AgNO) to the 
washings). The resin was then saturated with argon by connecting a flask to the base of 
the column and with stopcock E open, Figure 2.1, argon was blown through sidearm 1, 
while the resin was poured into the column. The argon stream was bubbled through the 
resin for 20 minutes. Stopcock E was then closed and argon was bubbled through 
stopcock D. The reaction solution was placed in the dropping funnel (stopcock C 
closed; B, A open) and argon was then bubbled through the solution by opening 
stopcocks C and D and closing B. To load the solution onto the column, stopcocks D 
and B were closed and A was connected to the sidearm by a length of polyethylene 
tubing. Stopcocks C and E were then slowly opened allowing the solution to run onto 
the resin. After the loading was complete, the eluting solution was added to the 
dropping funnel and argon-saturated for 20 minutes by opening stopcocks C and D and 
closing B. This solution was run onto the column following the same procedure as that 
for the reaction solution (i.e. stopcocks B closed, C opened). The reaction product was 
usually eluted at a slow rate (2 drops per second). 
eluting solution 
Stopcock C 
Stopcock D 
Dowex 
50WX8 
Stopcock E 
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Stopcock B 
Figure 2.1. The apparatus for ion exchange chromatography under inert atmosphere. 
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2.5.3 Hexakis(N,N-dimethylformamide)ruthenium(II) 
toluene-4-sulfonate, [Ru ( dmf)6]tos2 
The first reported preparation of [Ru(dmf)6]2+ was by Bernhard et a1.10 That method 
was slightly modified as follows: [Ru(H20)6]tos2 (0.350 g, 0.63 mmol) was dissolved 
in argon-saturated N,N-dimethyformamide (2.5 ml), and the red solution was cooled in 
dry ice for 10 minutes. Cold, argon-saturated triethylorthoformate (0.70 ml, 4.2 mmol) 
was then added (this is a ratio of 4 ml of drnf: 1 mmol [Ru(H20)6]tos2: 6.6 mmol 
triethylorthoformate). The tightly stoppered flask was left for 18 hours in the dark at 
room temperature. Dry, argon-saturated diethyl ether was added dropwise until 
precipitation of red/orange crystals commenced (- 30 ml), the reaction mixture was then 
cooled in dry ice for 15 minutes. A funher 10 ml of diethyl ether was then added to 
complete crystallization. The reaction mixture was then rapidly filtered by cannula 
techniques, washed with diethyl ether (2 x 15 ml) and vacuum dried for 4 hours. Yield 
0.331 g, 59%. 
Anal. for [Ru(C3H1N0)6](C1HsS03)2: Calcd. (found): C, 43.48 (43.5); H, 6.61 (6.7); 
N, 9.51 (9.4); Ru, 11.43 (11.1). 
2. 6 Data Handling 
Calculations were performed on either a Macintosh TI FX or a Vax 11n50 computer. 
The programs used were: 
1. EXPFIT, which is a program for calculating rate constants in consecutive first 
order reactions. This program was written by M.R. Osborne of the A.N.U. 
Computer Centre. 
2. REACTION KINETICS, which is a program for simulating data or a second 
order reaction followed by a first order reaction, where the half-lives for both 
reactions are similar. This program was written by Prof. D. Evans of the R.S.C. 
at A.N.U. 
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3. Igor by WaveMetrics, is a program which perfonns an iterative curve fit with a 
user defined function to a data seL 
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CHAPTER THREE 
The Reactivity of Encapsulated N 6 
Ruthenium-Amines 
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3 .1 Introduction 
The chemistry of the [Rull. m. IV(sar)]"+ systems in acidic solutions has been extensively 
studied 1-6 and a summary of the important reactions is given in Scheme 3.1. However, 
in basic solutions the reactions have not been as thoroughly studied. In the high pH 
region the pH dependence of the formal potentials of the reversible couples exhibited by 
[Rull(sar)f+ have been measured, [RulY(sar)-2H+)2+ and [RuIY(sar)-H+J3+ 
(pKa: 3.0 ± 0.6) have been characterized, and the rate of autoxidation as has been 
measured as a function of pH. 
H 
[Ru(sar))3+ 
H 
[Ru(imsar)]2+ 
H 
[Ru(hexaimsar))2+ 
The investigations in acidic solutions determined that the rate of oxidation of 
[RuIY(sar)-H+]3+ to [Rull(imsar)f+ was pH dependent and from a complicated analysis 
the rate constant was determined to be 17 /( 1 + ~~~) s-1. In basic solutions the rate 
constant for the oxidation of [RuIY (sar)-2H+)2+ to [Rull(imsar)]2+ was originally 
reported ask= 1 x lQ-3 s-1.4 A later determination, where the [RulY(sar)-2H+]2+ was 
generated with 02, gave a rate constant of 6 x 10-4 s-1. 8 A problem with oxygen as a 
reagent in this system is that it is in excess over the amount of ruthenium so it is capable 
of further oxidation of the imine products. It was therefore desirable to detennine the rate 
constant with an oxidant (such as [Fe(CN)6]3-) which is stable in base and yet able to 
drive the reaction quantitatively and quickly to the Ru(lll) state. There have been no 
reports of the rate constant for the rapid disproportionation reaction under these 
conditions, but with such a reagent it may also be possible to measure this or at least 
detennine the lower limit for this process. 
Scheme 3.1 
[RJil(sar)] J+ [RJil(sar)-H1 2+ + H + Km = 10 -6 .3 
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(1) 
[RJil(sar)] 3+ + [RJil(sar)-H1 2+ 
kd 
[RJl(sar)] 2+ + [RJV (sar)-H1 3+ (2) 
[RJY (sar)-H1 3+ -:::::::::::::: [RJY (sar)-2H1 2+ + Ir . Krv = 10 ·3.o (3) 
~m 
[RJY (sar)-H1 3+ ---
~m [RJY (sar)-2H1 2+ ---
[RJl(imsar)] 2+ + 
[RJl(imsar)] 2+ 
17 
between 1 < pH < 4 
(4) 
[RJl(imsar)]2+ + 10 Ag+ 
Also, 
[RJl(hexaimsar)] 2+ + 10 Ag + 1 OW 
[RJil(sar)] 3+ + [RJl(sar)] 2+ [RJl(sar)] 2+ + [RJil(sar)] 3+ (6) 
When [Rull(sar)J2+ undergoes a twelve electron oxidation it can be conclusively shown 
that all six imine bonds form in the cap.2 This complex ion has a characteristic visible 
spectrum with a sharp band at Amax (Emax) = 377 nm (23 000 M·l cm· 1). Both the 
unusual specificity and the intense colour of this product also prompted a complete 
structural investigation of this molecule. 
(5) 
3.2 Syntheses 
3.2.1 (3,6, 10, 13,16, 19-hexaazabicyclo [ 6.6.6 ]icosane)co bal t(III) 
chloride, [Co(sar)]Cl3. 
[Co(sar)]3+ was prepared from [Co(en)3)3+ as described previously.9 The reaction 
pathway is summarized as follows-
CH3N02 
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[Co(en):/+ __ H_zc_o _ _ [Co(diNOsar)]3+ [Co(diAMsarHi)J5+ 
OH· 
1. Ni/Al alloy 
OH· 
[Co(sar)]3+ --------
2. HCI 
HNOy0°C 
HO 
[Co(di0sar)]3+ 
The experimental conditions have been varied to improve yields and the efficiency with 
which these complexes are made. A significant improvement was the use of Ni/ Al alloy 
to perform the reductive dehalogenation of [Co(diClsar)]3+ instead of the original zinc 
amalgam. lOa This increased the yield from 40% to 75%. Each product in the above 
scheme was isolated as the chloride salt and the purity confirmed by its NMR spectra. 
3.2.2 3,6,10, 13,16,19-hexaazabicyclo[ 6.6.6] icosane (sar) 
[Co(sar)]CI3 was converted to sar by the cyanide extraction method developed by 
Ludi. lOb [Co(sar)]CI3 (22 g, 0.049 mol) and C0Cl2.6H20 (11.6 g, 0.049 mo!) were 
dissolved in water (75 ml). The solution was then saturated with argon. An argon 
saturated solution of KCN (56.7 g, 0.871 mol) in water (170 ml) was then slowly added. 
The mixture was heated at 60 °C until the solution turned pale yellow (- 6 hr). The 
reaction mixture was then taken to dryness and the pale yellow solid extracted with hot 
chloroform (3 x 250 ml). This solution was concentrated and the sar precipitated upon 
addition of acetoniaile. The white solid was recrystallized from hot acetoniaile. 
Anal. for C14fl32N6: Calcd. (found): C, 59.12 (58.8); H, 11.34 (11.1 ); N, 29.55 
(29 .5). 
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1H NMR o CD20): 2.66 ( d, 12H, CH2), 2.44 (s, 12H, CH2) and 1.66 (m, 2H, CH). 
I3C NMR o CD20): 50.84 (CH2) , 48.64 (CH2) and 35.08 (CH). 
3.2.3 (3,6,10, 13, 16, 19-hexaaza bicyclo [ 6.6.6] icosane) ruthenium (II) 
toluene-4-sulfonate, [Ru(sar) ](tos)z. 
The original preparation as reported by Bernhard er al. 1 was followed with only minor 
modifications. [Ru(dmf)6](tos)2 (0.203 g, 0.23 mrnol) was dissolved in a small volume 
of argon-saturated dry ethanol and cooled in dry ice. A solution of sar (0.080 g, 0.281 
mrnol) in argon-saturated dry ethanol (- 2 ml) was prepared and after cooling this 
solution in dry ice it was added over 30 minutes to the cooled [Ru(dmf)6]2+ solution by 
cannula techniques. The resulting red-orange solution was cooled in dry ice for a further 
hour and then allowed to warm to room temperature. The solution (now green) was left 
overnight under refrigeration. The following day it was refluxed for 6 hours under argon 
during which time it turned red with the formation of some pale yellow product. 
Overnight refrigeration completed crystallization. The complex was recovered by cannula 
techniques and washed with argon-saturated dry propan-2-ol (1 x 10 ml) and ether 
(2 x 20 ml). For recrystallization, the complex was dissolved in a small amount of dry 
argon-saturated methanol, and ether was carefully added until precipitation was complete. 
The recovered complex was vacuum dried for 8 hours. Yield 0.121 g, 72%. 
Anal. for [Ru(C14fl32N6)](C7HgS03)2: Calcd. (found): C, 46.20 (46.1); H, 6.37 (6.6); 
N, 11.55 (11.4); S, 8.81 (8.2). 
l H NMR o (D20): 3.35 (m, 6H, CH2), 3.30 (m, 6H, CH2), 2.63 (m, 6H, CH2), 2.09 
(m, 6H, CH2) and 1.69 (m, 2H, CH). 
13C NMR o (020): 56.55 (CH2), 54.76 (CH2) and 40.84 (CH). 
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3.2.4 (3,6, 10, 13 ,16, 19-h exaa zab i cyclo [ 6.6.6] icosane-
3,6,10,13,16,19-hexaene) ru theni um(II) hexafluorophosphate, 
[Ru(hexaimsar)](PF 6h. 
This method follows that reponed by Bernhard et al.3 [Ru(sar)](tosh (0.240 g, 
0.33 mmol) was dissolved in 5 ml of argon-saturated water. AgCF3S03 (1.02 g, 
4.0 mmol) was added, resulting in rapid precipitation of Ag metal. The solution was 
stirred overnight, then filtered. NI-4PF6 (0.5 g) was added to the green filtrate and a 
brown-green precipitate formed. The complex was recovered by filtration, washed with 
cold ethanol (2 x 10 ml) and vacuum dried overnight. This product could be 
recrystallized from water. Yield: > 80%. 
Anal. for [Ru(C14H20N6)](PF6h: Calcd. (found): C, 25.35 (25.3); H, 3.04 (3.0); N, 
12.67 (12.3); P, 9.34 (9.1); F 34.37 (34.6). 
3.2.5 (3,6, 10,13, 16, 19-hexaa zabicyclo[ 6.6.6] icosane-
3,6, 10,13,16,19-hexaene)ruthenium(II) tetrachlorozincate 
1/2 hydrate, [Ru(hexaimsar)][ZnCl4] O.SH20 
[Ru(hexaimsar)](PF6h (0.20 g, 0.30 mmol) was dissolved in a small volume of 
concentrated H2ZnC14. Acetone was then slowly added and a green microcrystalline 
precipitate rapidly formed. In some cases (particularly for structural analysis) better 
quality crystals were obtained by vapour diffusion of acetone into a solution of acidic 
[Ru(hexaimsar)]2+JZnC42-. The complex was recovered by filtration and washed with 
acetone (2 x 5 ml) and vacuum dried overnight. Yield> 90%. 
Anal. for [Ru(C14H20N6)][ZnCl4) 0.5H20: Calcd. (found): C, 28.52 (28.7); H, 3.59 
(3.6); N, 14.25 (14.2); Cl, 24.05 (24.0). 
IH NMR 8 (D20): 8.10 (d, 6H, N=CH, J = 13), 5.80 (m, 6H, CH2), 4.24 (m, 6H, 
CH2) and 3.71 (m, 2H, CH). 
13C NMR 8 (D20): 155.11 (CH), 65.21 (CH2) and 55.18 (CH). 
3.2.6 (3,6, 10,13,16, 19-hexaazab icyclo[ 6.6.6] icosane-
3,6,10, 13,16,19-hexaen e) ru theni um(II) perchlorate, 
[Ru(hexaimsar)] (Cl 04h. 
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[Ru(hexaimsar)][ZnC4] (20 mg, 0.035 mmol) was dissolved in a small volume of water 
(2-3 drops). An equal volume of 1 M NaCl04 was added to the green solution, which 
was covered and left at room temperature for 2-3 days during which time green prismatic 
crystals formed. These crystals were of a suitable quality for X-ray structural analysis. 
Anal. for [Ru(C1,µI20N6)](Cl04)2: Calcd. (found): C, 29.38 (30.2); H, 3.52 (3.8); N, 
14.68 (14.6). 
3.2. 7 (3,6,10, 13,16,19-hexaaza bicyclo [ 6.6.6]icosane-3-en e) 
ruthenium(II) iodide monohydrate, [Ru(imsar)]I2.H20 
As an alternative method to that of Bernhard,3 Na3[Fe(CN)6]H20 (16 mg, 0.053 mmol) 
was dissolved in a solution of argon saturated NaOH (0.1 M, 6 ml). This solution was 
then added to an argon saturated solution of [Ruil(sar)]tos2 (20 mg, 0.027 mmol) in 
water (2 ml). The solution was stirred under argon for 3 hours., NaI (0.6 g) was added 
and the solution was cooled to 5 °C overnight, during which time a yellow complex 
precipitated. The complex was recovered by filtration, washed with cold ethanol (2 x 5 
ml) and vacuum dried overnight 
Anal. for [Ru(C14H30N6)]I2.H20: Calcd. (found): C, 25.66 (26.0); H, 4.92 (5.1); N, 
12.83 (12.4). 
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3. 3 The Physical Properties of Ruthenium-sar Complexes 
3. 3 .1 Absorption Spectra 
I Ru11( sar )}2+: The absorption spectrum of [Rull(sar)]2+ consists of a weak shoulder at 
385 nm (E = 40 M-1 cm·l) and a band at 282 nm (E = 2000 M-1 cm·l). The intensity of 
the higher energy band may indicate that it is either ligand to metal charge transfer in 
character or a weak LF band on the side of an allowed CT band. The low energy 
transition is assigned to the spin-allowed d-d transition of lA1 ~ lT1 parentage and the 
high energy transition may be of 1A 1 ~ 2T2 parentage. 
[Rulll(sar)]3+: The rapid disproportionation reaction of this complex prevents the 
absorption spectrum being accurately recorded. 
[Ru11(hexaimsar)}2+: The absorption spectrum has a sharp band at 377 nm with a large 
molar absorptivity of 23,000 M-1 cm·l which is clearly d ~ 1t"' charge transfer in 
character. The spectra of [RuII(sar)]2+ and [Ruil(hexaimsar)]2+ are given below (Figure 
3. 1). 
3.3.2 lff and 13C NMR Spectra 
[Rull(sar)/2+: The lH NMR spectrum (figure 3.2) consist of five sets of signals at 3.35, 
3.30, 2.63, 2.09 and 1.69 ppm with relative intensities of 3:3:3:3: 1 respectively. This is 
consistent with a structure of o3 symmetry. As a consequence of coordination to the 
metal the protons of the methylene groups are not equivalent and are geminally coupled. 
The signals from one group of the meth ylene fragments are further split by coupling to 
the proton at the apical position of the cage. Thus the methylene proton signals at 2.6 and 
3.3 ppm have been assigned to the methylene fragment in the cap of the cage. From the 
relative intensity of the signals and its multiple splitting pattern (septet or greater). the 
complex signals at about 1.7 ppm have been assigned to the cap proton. The remaining 
signals at about 3.35 and 2.09 ppm hav<; been assigned to the methylene fragments in the 
five-membered chelate ring of the cage. 
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Figure 3.1 The absorption spectra of (a) [RuII(sar)]2+ in 0.1 M CF3S03H and (b) 
[Ru(hexairnsar)]2+ in water. 
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The 13C NMR spectrum (Figure 3.2) consist of 3 signals also highlighting the D3 
symmetry of the complex in solution. The signals at 56.56 and 54.76 ppm are more 
intense than the signal at 40.84 ppm. These two signals have been assigned to the 
methylene groups of the cage. The remaining signal at 40.84 ppm was assigned to the 
methine carbon of the cap. 
[Rull(Jzaaimsar)}2+: The lH and 13C NMR specrra of [RuII(hexaimsar)][ZnC4] in Di0 
are shown in Figure 3.3. The spectra are identical to those reponed by Bemhard2 for a 
sample of [Rull(hexaimsar)]2+ generated from [Rull(sar)]2+ in situ. 
The lH NMR spectrum consists of signals at 8.10, 5.80, 4.24 and 3.71 ppm with 
relative intensities of 3:3:3: 1. This is consistent with a complex of D3 symmetry. The 
signal at 8.10 ppm is typical of a coordinated irnine. It is split into a doublet (J = 13 Hz) 
by the apical methine proton at 3.7 ppm. From the relative intensities, the signals at 5.80 
and 4.24 ppm are from the methylene groups in the five-membered chelate ring. 
The 13C NMR spectrum consists of signals at 155.0, 65.2 and 55.2 ppm. The signal at 
155.0 ppm is assigned to the imine carbon. The signal at 65.2 ppm is more intense than 
the one at 55.2 ppm, so it has been assigned to the methylene carbon and the signal at 
55.2 ppm assigned to the methine carbon. The 20 NMR (COSY) Figures 3.3 (c) and 
(d) confinns these assignments with the appropriate cross peaks occurring between the 
expected lH and 13C signals. 
3.3.3 Redox Properties of Ruthenium-sar Complexes 
The cyclic voltarnmograrn of the ruthenium-sar system was obtained in a 0.1 M 
CF3S03H solution with a glassy carbon working electrexie. A reversible 
ruthenium(III)/(11) couple is observed at 290 mV (vs NHE), Figure 3.4 Once the 
Ru(III) state forms it spontaneously reacts to generate [Ru1I(imsar)]2+. This mono-imine 
then has a II/Ill couple at 440 mV. Upon oxidation the Ru(IIl)-monoimine 
spontaneously reacts to generate the di-imine- [RuiI(diirnsar)J2+. This couple is 
* 
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Figure 3.2 The 200 MHz IH (a) and 50 MHz 13C (b) NMR 
Spectra of [Rull(sar)](tos)2 in D20 
(* = toluene-4-sulfonate). 
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Figure 3.3 The 300 MHz IH (a) and 75 MHz 13C (b) NMR 
Spectra of [Ru(hexaimsar)]ZnC4 in D20 
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followed by four further oxidations, each separated by - 150 mV, Figure 3.4, which 
have been assigned to the formation of the tri-, tetra-, pen ta- and hexa-irnine amine 
complexes respectively. Since the scan rate was slow (20 rn V s-1), there was sufficient 
time for each Ru(IlI) complex to conven to the appropriate Ru(Il)-irnine. The cyclic 
voltammograms of [RuII(sar)]2+ and the isolated mono- and di-irnine complexes in 
acetonitrile have reversible couples at -0.18, -0.03 and +0.11 V respectively ( versus 
FeCp2+/0): These correspond simply to the Ru(l1/III) couples of these complexes and 
show the increasing stabilization of the Ru(m state as the number of imines is increased. 
J.3.4 The Electron Self-exchange Rate Constant 
Bernhard was not able to directly measure the self-exchange rate for [Ru(sar)]3+/2+, but 
he was able to assess it from a series of cross reactions by applying the Marcus 
Theory.II He used [(NH3)5Ru(py)]3+, [(NH3)5Ru(nic)]3+, [(NH3)5Ru(isn)]3+, 
[Ruill(tacn)2]3+, [Mn(sar)]3+ and Fe3+ (py = pyridine, nic = nicotinarnide and isn = 
isonicotinarnide) as redox partners and deduced the self-exchange rate kn to be 
1.2 x 1Q5 M·l s-1. However, a recent redetermination of the self-exchange rate 
constants of [Fe(sar)]3+/2+ from a series of cross reactions gives a value larger than that 
used by Bernhard.15a The new value for the [Fe(sar)]3+/2+ self exchange rate is more 
consistent with the direct measurement of the self-exchange rate constant for 
[Fe(sar)]3+/2+.15b Recalculations of the self-exchange rate constant for the 
[Ru(sar)]3+/2+ couple, from the Bernhard data, based on the revised self exchange rate 
constant of [Fe(sar)]3+/2+ has established a kn of (6±l)x1Q5 M-1 s-1 for [Ru(sar)]3+/2+. 
3.4 Reactions of [RuIIl(sar)] 3 + 
3.4.1 Strategies for the syntheses of ruthenium(II)-macrobicycles 
The ions [Ru(H20)6]2+ and [Ru(dmf)6]2+ now play an important part in the synthetic 
chemistry of ruthenium.1,16 The hexa-aqua complex ion is considerably more labile than 
other six coordinate Ru(fl) species. The rate constant for water exchange of 
T 
S.uA 
.l.. 
+ 0.44 
0.14 
applied potential (V) 
Figure 3.4 The cyclic voltammogram of [Rull(sar)]2+ (vs NHE) in 0.10 M 
CF3S03H, Au working electrode, scan rate 20 mV s·l at 22 °C. 
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[Ru(H20)6]2+ is 2 x 10-2 s-1.16 A wide range of Ru(II) complexes containing six 
coordinated solvent molecules can be prepared from [Ru(H20)6]2+ (e.g.[Ru(pyr)6]tos2, 
[Ru(MeCN)6](CF3S03)2, [Ru(dmso)6](CF3S03)2, [Ru(thtp)6](CF3S03)2 and the 
extremely synthetically useful [Ru(d.mf)6](tosh. (pyr = pyrazine, MeCN = acetonitrile, 
dmso= dimethylsulfide, thtp = tetrahydrothiophene). 
A major disadvantage of [Ru(H20)6]2+ as a precursor for complex formation is that with 
strongly basic ligands, polymeric Ru oxo and hydroxo species are formed upon 
deprotonation of the water coordinated to Ru(II). The strongly basic N6 cages and 
related ligands precludes the use of [Ru(H20)6]2+ as a starting material. The 
[Ru(d.mf)6]2+ complex however does not suffer from this problem although the half-life 
for exchange of the drnf in the complex is longer (the rate constant for the dmf exchange 
of [Ru(dmf)6]2+ is 2 x 10-4 s-1).3 Despite the slower exchange, synthesis can be 
achieved in a reasonable amount of time. Using dry ethanol (distilled over MgI2) as the 
solvent, the amount of OH· present when basic ligands are dissolved in solutions of 
[Ru(dmf)6]2+ is kept at a minimum. In this way the formation of ruthenium oxo- and 
hydroxo-species is minimized and yields of approximately 75 % can be obtained. 
3.4.2 The rate of oxidation of [RulY(sar)-2H+] 2 + 
Bernhard has determined the rate constant for the formation of [Rull(imsar)]2+ from 
[RufY(sar)-2H+]2+ as 6 x 104 s-1, at pH - 12 using Qi to generate the Ru(IV) species. 
As discussed earlier, there are disadvantages associated with the use of oxygen for this 
oxidation. Since the amount of 02 present cannot be easily controlled, it was desirable to 
use an oxidant which could generate a specific amount of Ru(III) . [Fe(CN)6]3- was used 
as it is slow to undergo substitution reactions in base, has an appropriate redox potential 
(E' = 0.5 V vs NHE), and self-exchange rate constant (k 11 5 x IQ4 M-1 s-1). With this 
oxidant, [Ruill(sar)-H+]2+ and [RulY(sar)-2H+]2+ could be generated stoicheiometrically 
and the rate constant for the formation of [Rull(imsar)]2+ directly from the Ru(IV) 
complex was redetermined. 
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A solution of [Rull(sar)]2+ was mixed with a basic solution of [Fe(CN)613- and the 
spectrum of the reaction mixture recorded every 5 minutes for 1 hour (Figure 3.5). The 
concentrations after mixing were [Rulll(sar)]3+ = 360 µM, [Fe(CN)6]3· = 190 µMand 
OH·= 0.0045 M. [Fe(CN)6]4• has weak transitions at 422, 322 and 270 nml7 so under 
the conditions of this experiment its contribution to the absorbance (above 250 nm) is 
negligible. 
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Figure 3.5 The spectra of the reaction of [RulY(sar)-2H+]2+ to give [Rull(imsar)J2+ 
recorded at 5 minute intervals. 
As the [RuIY(sar)-2H+)2+ (Amax= 430 nm) decays there is a corresponding proportional 
growth of [Rull(imsar)]2+ (Amax= 390 nm). The absence of significant concentration of 
intermediate is indicated by the isosbestic point at - 400 nm. This reaction was then 
followed at the analytical wavelengths, 430 nm (the maximum of [RuTV(sar)-2H+J 2+), 
and 390 nm, (the maximum of [Rull(sar)]2+). A summary of the experimental conditions 
and the rate constants for oxidation is given in Table 3.1. 
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Table 3.1 Rate Constants for the [RuIY(sar)-2H+]2+ ~ [RulI(irnsar)]2+ 
conversion. (25.0 °C, ionic strength = 0.10 M, pH = 11.6). 
Reaction 
1 430 369 202 4.3 x. 10-4 
2 390 369 202 5.0 X 10-4 
3 430 91 270 · 3.7 X 10-4 
4 390 91 270 4.1 X lQ-4 
5 430 91 110 3.0 X lQ-4 
6 390 91 110 4.1 X lQ-4 
A mean value of (4.0 ± 0.5) x 104 s-1 was obtained for this reaction. This value is 
similar to that determined by Bernhard at pH -12 and with 02 as the oxidant and 
confirms that the rate constant for the conversion of [RuIV(sar)-2H+]2+ to [Rull(imsar)]2+ 
is (5±1) x lQ-4 s-1. 
3.4.3 The [RuIIl(sar)]3+ oxidation product. 
In Bernhard's work in the lower pH region an excess of [Rull(sar)]2+ over oxidant was 
used, so that true disproportionation reactions of [Ruill(sar)]3+ were observed. 
[Ruill(sar)]3+ disproponionates even in acidic solutions, (kct = 8 x J07 M-1 s-1), so it 
must be generated in sicu. It is quite clear that at high [H+] the oxidation product of 
[Rull(sar)]2+ is [Ruill(sar)]3+, but at high [OH-J another oxidation product may be 
rapidly formed. 
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Consider the following scheme: 
[Ruill(sar)]3+ i [Ruill(sar)-H+]2+ + H+ Km (1) 
2[Rulll(sar)]3+ i [Rull(sar)]2+ + [RuIY (sar)-H+]3+ + H+ K d (2) 
[RulY(sar)-H+]3+ i [RulY(sar)-2H+)2+ + H+ K1v(2) (3) 
2[Ruill(sar)-H]2+ i [Rull(sar)]2+ + [RufY(sar)-2H+]2+ K d (4) 
where Km is the Ka for [Ruill(sar)]3+ 
from (3) 
from (1) 
Krvc2) is the second Ka for [Rurv (sar)]4+ 
K dis the equilibrium constant for the disproportionation of 
[Ruill(sar)]3+ 
K'd is the equilibrium constant for the disproportionation of 
[RulII(sar)-H+]2+ 
[RulY _H+] = [RulY _2H+ [H+] 
(K1v(2)) 
2 [Rulli] = [RuilLH+/ [H+J2 (Kw)2 
(5) 
(6) 
Bernhard has determined3,7 the following values: pKm = 6.3, K'd = 5.9 x I0-3 Mand 
pK1v = 3.0. So by substituting (5) and (6) into the expression for K'd, and 
then by rearranging 
[Rull] [RulY_2H+] 
[RullLH+]2 
= 2.3 x I07 M 
since K'ct K1v K' K' 01 
u)2 = ct then d = 2.3 x 1 M. (Ki 
where [Rum] is the concentration of [Ruill(sar)]3+ 
[RullLH2+] is the concentration of [RuIIl(sar)-H+]2+ 
[RuIY_H3+] is the concentration of [RuIY(sar)-H+]3+ 
[RulY_2H2+] is the concentration of [RulY(sar)-2H+]2+ 
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Since the value of K''d is so large, the equilibriwn lies very much in favour of the 
Ru(IV) product. In this case, the two electron oxidation products are thermodynamically 
favoured over the one electron oxidation product. Oxidation of [Rull(sar)J2+ with one 
mole of oxidant should produce half a mole of [RulY(sar)-2H~2+ and not one mole of 
[Ruill(sar)-H+]2+. 
To establish that [RulY(sar)-2H12+ is rapidly formed as the oxidation product under 
conditions of high pH a solution of [Rull(sar)]2+ (in 0.001 M CF3S03H) was mixed 
with a solution of [Fe(CN)6]3- (in 0.10 M NaOH). The concentrations after mixing 
were [Rull(sar)]2+ = 200 µMand [Fe(CN)6]3- = 190 µMand a spectrum of the complex 
that was formed after mixing was obtained by varying the wavelength of observation and 
recording a stopped flow trace for 0.100 s. This trace was then extrapolated back to zero 
time. 
The observed spectrum is shown (Figure 3.6), and its Amax is 430 nm. This is in 
agreement with the Amax of the [RulY(sar)-2H+]2+ ion generated by 02 from 
[Rull(sar))2+.3 For this oxidation the two possible species that could have a strong 
absorbance in this region are [RullI(sar)-H+]2+ or [RulY(sar)-2H+]2+. Assuming 
disproportionation has occurred, then the molar absorptivity of the above spectrum is 
calculated as 8746 M-1 cm-1 and this value is in reasonable agreement with that of 
Bernhard4 (E = 8000 M-1 cm-1) for the [RulY(sar)-2H+]2+. Alternatively, if in equation 
(4) the equilibrium favoured the reactants, then the molar absorptivity would nor be 
8000 M-1 cm-1, but that of [RulII(sar)-H+]2+, which would be expected to be 2000 M· 1 
cm-1. Clearly the equilibrium of equation (4) does lie in favour of the disproportionation 
products and the species formed at-I ms are [RulY(sar)-2H+]2+ and [Rull(sar))2+. 
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Since [RulY(sar)-2H+]2+ is immediately present after injection this gives a lower limit for 
the disproportionation rate constant at this pH. For the disproportionation of two 
deprotonted Ru(III) ion as shown below the forward rate constant for this process must 
be larger than 107 M-1 s· 1 (that is t112 smaller than 0.5 ms for a solution 190 µM in 
ruthenium). 
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Figure 3.6 The absorption specaum of [RufY(sar)-2H+J2+ 
(t = 25 °C, ionic strength = 0.1 M) 
3.5 The Crystal Structure of [Ru(hcxaimsar)J2+ 
The complex cations [RuII(sar)]2+ and [Rulil(sar)]3+ each have identical geometries 
within experimental uncenainty.6 Since the structural reorganization for electron 
exchange between these two cations cannot be detected, the contribution of the 
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corresponding free energy term in the Marcus and Hush Theories 11 is negligible. So the 
rate constant for electron transfer is dependant on only the frequency factor. work term 
and solvent reorganization. It was therefore of interest to determine the crystal structure 
of [Ru(hexaimsar)]2+ to see how the placement of imines in the cap influence the 
structure. 
The X-ray crystallographic analysis of [Ru(hexaimsar)]2+ was determined at 120 K. The 
space group is P3121 and the unit cell dimensions are a= b = 10.257 A. c = 15.748 A 
and y = 120 ° (the cystallographic data is given in Table 3.2). The cation has D3ct site 
symmetry and the average bond distances and bond angles are given in Table 3.3. 
Figure 3.7 shows an ORTEP view of the molecule. Interesting features of this structure 
include the relatively uncommon obJ conformation of the three five-membered chelate 
rings, six C-N bonds that are 0.23 A shorter than the corresponding bonds in the parent 
[Rulli(sar)]3+ and small values for the twist angle (28.9 °) and ethylenediamine bite angle 
(81.0 °). These factors clearly show that the molecule is very strained. 
The preferred geometry for the Ru(II) ion is octahedral, such as in [Ruil(NH3)tJ2+. 
which has a twist angle of 60.0°. Molecular models based on the crystal structure show 
that if the six imine bonds were formed in the three five-membered chelate rings then this 
would twist the molecule so that the metal centre had trigonal prismatic geometry, which 
is less favoured for ruthenium(II). In [Ru(hexaimsar)]2+ the twist angle of 28.9 ° 
indicates that the geometry is approximately half way between octahedral and trigonal 
prismatic, so that some octahedral character is retained. While the system with all six 
imines in the cap of the cage is distorted from the preferred geometry of a Ru(m ion it is 
much less strained than if all the imines were formed in the five-membered chelate rings. 
This is one factor which contributes to the unusual regioselectivity observed in these 
oxidation reactions. 
Table 3.2 Crystallographic Data for [Ru(hexaimsar)](Cl04)z 
at 120 K. 
Formula RuCl20sN6C14,H20 
Formula weight 572.1 
Space group P3121 
z 3 
F(OOO) 864 
Temperature, K 120K 
a,A 10.355 (2) 
c,A 15.750 (3) 
V A3 , 1462.5 (4) 
Pexp gcm·3 1.91 293K 
Peale gcm·3 1.95 120K 
e limits, 0 0-30 
Scan width, 0 0.95 + 0.35*tan(9) 
Mode (!)-mode variable scan speed 
H,K,L (min, max) O--tl4,0--tl4,-22--122 
µ, cm·l 11.2 
Min. transmission 0.964 
Max. transmission 1.000 
Reflections measured 2378 
Unique reflections 1635 
Analysed reflections 1518 
Fo > CFo) 
No. of parameters 234 
R(F), % 2.5 
Rw(F),% 3.1 
GOF 1.2 
Weighting function 1/ ( cr2(Fo)+0.00006*Fo2} 
Residual electron 
density eA-3 
Min. -0.66 
Max. 0.70 (03) 
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Table 3.3 Bond Distances and Angles for 
[Ru(hexaiminsar)](CI04)2 
Bond distance CA) 
Ru-N3 2.011 (8) 
Cl- C2 1.518 (4) 
C2-N3 1.282 (3) 
N3- C4 1.474 (15) 
C4-C5 1.511 (17) 
Bond angles (0) 
N3 - Ru - Nl3 86.1 (8) 
N3 - Ru - N6 80.8 (3) 
N3 - Ru - Nl9 112.1(7) 
N3 - Ru - NlO 156.2 (13) 
Ru - N3 - C2 120.3 (4) 
Ru - N3 - C4 114.0 (4) 
Cl4- Cl - C2 108.4 (14) 
Cl - C2- N3 117.5 (2) 
C2 - N3 - C4 123.4 (8) 
N3 - C4- CS 107 .6 (1) 
Torsion angles (0) 
Ru - N3 - C2 - Cl 9.9 (4) 
Ru - Cl - C2 - N3 -6.0 (2) 
Cl - C2 - N3 - C4 171.9 (11) 
N3 - C4 - CS - N6 -42.7 (2) 
s 4 1 + H~,-:~:~~4 2 IH 
0 / ""13 
N N::::::,...._ 
20 19\___/16 15 
18 17 
[Ru(hexaimsar)J2+ 
(the nwnbering scheme used in the above table). 
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Figure 3. 7 ORTEP diagram 18 of the cation in the crystal structure of 
[Ru(hexaimsar)]ZnCLi, (the thermal ellipsoids have been 
drawn to include 50 % of the probability distribution). 
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The C-N bond distance of 1.282 A is clearly due to an imine (C=N). From the sum of 
the bond angles surrounding this nitrogen (358 °) it is clear that this atom is sp2 
hybridized (the sum of the angles for an unstrained sp2 hybridized atom is 360°). The 
coordinated imine nitrogens are not distorted from their planar configuration although the 
rest of the ligand geometry has deformed to accommodate the metal ion. 
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For cage complexes the ob3 conformation is uncommon. Some other examples of ob3 
cages include ob3-[Co(NH3)2-(CH3)3-sar)]Cl3,12 [Co(Me, arsasar)](PF6)3,13 
[Co(diNH20Hsar)]Cl5 and the deprotonated form of [Co(diNOsar)]3+.14 
rt-7'3+ 13+ (0'5+ ((As--; 
Me HN NH NH HN NH NH HN NH NH 
't'~< JM, [ Qi< J [ Qi< J 
t:µ t:µ t:µ 
NH3 Me NH20H 
[Co(NH3)2"( CH3}3-sar) )3+ [Co(Me, arsasar))2+ [Co( diNH20Hsar) JS+ 
For ob:3-[Co(NH3)2-(CH3)3-sar)]Cl3 the steric effect of the methyl groups on the 
five-membered chelate rings locks the cage in the ob3 conformation. The 
[Co(Me, arsasar)](PF6)3 has a large As(III) ion in the cap. The introduction of this ion 
into the cap changes the cavity size and this expanded cap helps the molecule to adopt the 
ob3 conformation. In [Ru(hexaimsar)]2+ the imine bonds formed in the cap prevent 
rotation about the C-N bond and thus prevent the cap from twisting. To adopt a /e/3 
conformation the cap of the cage must be flexible enough to twist Molecular models 
based on the above crystal structure analysis show that the ligand is indeed very rigid. 
Since the cap of [Ru(hexaimsar)]2+ can no longer twist, this forces the molecule to adopt 
the ob:3 conformation. The ob) conformation also explains the high energy transition in 
the absorption spectrum, since this conformation exens a much stronger ligand field than 
the /e/3 conformation. 
3.6 Conclusions 
By using a suitable oxidant, the Ru(III) state was generated at high pH and the very fast 
disproportionation reaction that follows is deduced to have a rate constant greater than 
107 M-1 s·l. The rate constant for the oxidation of [RulY(sar)-2H+J2+ to [Rull(imsar)J2+ 
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was determined as 5 x IQ-4 s-1, which is in agreement with the previous measurement. 
The crystal structure analysis of [Ru(hexaimsar)]2+ shows that the five-membered chelate 
rings have the less common ob) conformation and that the oxidation leading to imine 
fonnation occurs regioselectively in the cap of the ligand, with an average C=N distance 
of 1.282(3) A. It is evident from the structure that having all the imines in the cap leads 
to less distortions about the metal ion than if the oxidation involved formation of imines 
in the five-membered chelate ring. 
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CHAPTER FOUR 
The Synthesis and Properties of an Encapsulated 
Ruthenium(II) Ion by an N3S3 Macrobicyclic 
Ligand 
68 
4 .1 Introduction 
In order to investigate the effect of different donor groups on the oxidative 
dehydrogenation reaction, the complex of a mixed nitrogen-sulfur ligand capten (capten = 
l-methyl-3, l 3, 16-trithia-6, 10, 19-triazabicyclo[6.6.6]icosane) was examined. The 
replacement of the nitrogen donors by sulfur has been found to influence the propenies of 
the corresponding cobalt complexes! in a profound manner and similar effects were 
expected with ruthenium. 
Bernhard originally prepared [Ruil(capten)]2+, investigated its spectral properties and 
carried out a limited investigation of the electrochemical properries.2 A single crystal 
X-ray crystallographic analysis of the triflate salt was also carried out3 A summary of 
the work will be presented here as it is relevant to the study of the oxidation of the 
complex. In [Ruil(capten)]2+, in addition to the three nitrogen sites where oxidation to 
imine is possible there is also the possibility of oxidation of the sulfur atoms to sulfoxide. 
The question also arises whether the oxidation to imine occurs in the cap fragment or in 
the cystearnine fragment To resolve these questions the oxidation products of 
[Ruil(capten)]2+ were investigated funher. 
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4. 2 Synthesis 
4.2.1 ( 1-methyl-3,13, 16-tri th ia-6, 10,19-triaza bicyclo [ 6.6.6] i cosan e) 
ruthenium(II) triflate, [Ru( ca pten)] (CF 3S O 3)2 
The capten ligand was obtained by extrusion of cobalt from the reduced [Co(capten)]2+ 
complex following an analogous procedure to that given for the hexa-aza ligand sar 
(Chapter 3). [Ru(dmf)6](CF3S03)2 (0.42 g, 0.5 mmol) was added in ponions to a dry 
argon-saturated ethanol ( 4 ml) solution of capten (0.21 g, 0.55 mmol). After the solution 
had turned light brown (- 1 hour) it was heated to reflux. After refluxing for 2 weeks 
under a blanket of dry argon, the colour had changed to yellow and a fine white 
precipitate had started to form. Refluxing was continued for a further week. The reaction 
mixture was then cooled to complete the precipitation of the product, which was 
recovered by filtration. The white powder was recrystallized from hot ethanol and dried 
in vacuum. Yield = 40%. Crystals suitable for a crystal structure determination were 
obtained by slow cooling of a saturated ethanol solution to -20 °C. 
Anal. for [Ru(C15H31N3S3)](CF3S03)2: Calcd. (found): C, 27.27 (27.3); H, 4.17 
(4.2), N, 5.61 (5.6); S, 21.41 (21.5), F, 15.22 (14.7). 
I H NMR CD20): 8 1.0 (s, CH3), 5.5 (s, NH), and a complex pattern of signals between 
1.8 and 3.6 ppm. 
13C NMR (o D20): 55.4 (NCH2), 53.7 (NCH2), 43.2 (quaternary), 42.9 (SCH2), 41.8 
(SCH2), 40.0 (CH) and 29.8 (CH3) . 
4. 3 Physical Properties 
4. 3 .1 Absorption Spectrum 
The absorption spectrum of the [Rull(capten)]2+ complex (Figure 4. 1) exhibits distinct 
bands at 338 nm (£ = 670 M-1 cm-I) and 250 nm (£ = 3880 M-1 cm-1). Funhermore, a 
shoulder is seen at -290 run. The intensity of the band at 250 nm indicates that it is 
charge transfer in origin. Since the lowest lying empty ligand orbitals (3d on the sulfur) 
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are very high in energy, the transition is likely to be from the lone pair of electrons on 
sulfur to the antibonding d orbitals of the metal (LMCf). 
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Figure 4.1 The Absorption Spectrum of [RulI(capten)]2+ in water. 
The bands at 338 nm and at -290 nm arise from the ligand field transitions, IA1g ~ IT1g 
and lA1g ~ lT2g, respectively. The enhanced intensities may arise from the loss of 
octahedral symmetry and a relaxation of the symmetry restrictions for the transitions. In 
spite of the lower symmetry we will use the labels for the octahedral case in the rough 
estimation of the ligand field parameters /1 and B.4 The energies for the ligand field 
transitions and the Racah approximation C = 4B 3 lead to estimates of 31, l 00 cm- I and 
300 cm-I for /1 and B, respectively. A similar result was obtained for [Ru(ttcn)2]2+ (ttcn 
= 1,4,7-trithiacyclononane), (/1=30700 and B = 290 cm-1).9 The /1 value is somewhat 
larger than analogous nitrogen donor ligands and the internal field strength LVP is 
considerably gre:iter than that of the hexa-amine systems (/1 == 25 000 cm· 1, 
B == 430 cm· I )4. The difference arises from the smaller interelectronic repulsion 
parameter of the N3S3 ligand. This is in agreement with expectations from the 
spectrochemical and nephel:iuxetic series.5 
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4.3.2 lH and 13C NMR Spectra 
The lH NMR spectrum, Figure 4.2(a), shows a methyl signal at 1.04 ppm and a series of 
complex multiplets in the range 1.8-3.6 ppm. These signals are from the CH and CH2 
groups and the assignment of these signals from this splitting panem is difficult. 
However, coupling between these signals was established from an absolute COSY (lH-
lH correlation) spectrum, Figure 4.3. Three pairs of coupled signals were found, the 
chemical shifts of the pairs are 2.1 with 3.5 ppm, 2.4 with 3.1 ppm and 2.6 with 3.3 
ppm. The signal at 5.8 ppm is typical of N-H protons. These protons show a 
remarkable inenness to exchange with deuterons. A sample left at room temperature 
showed no signs of any significant exchange after 6 months. Even warming the sample 
to 60 °C did not effect the exchange. This inenness can be contrasted with other N-H 
groups coordinated to ruthenium(II), which have half-lives ranging from 0.6 s for 
[RuII(NH3)~2+ to 2 hours for [Rull(tacn)2]2+ (at 25.0 °C in dilute acidic solutions), and 
indicates that the nitrogens of [Rull(capten)]2+ are much more basic than those of the N6 
ligands.8 The I3C NMR spectrum, Figure 4.2(b), consists of seven signals which is 
consistent with an average C3 symmetry for the molecule. 
4.3.3 The Redox Properties of [Rull(capten)] 2 + 
The cyclic vol tarnmogram of [Ru II( cap ten)] 2+ in 0.10 M CF3 S 03H was difficult to 
observe since the oxidation waves were obscured by oxidation of the solvent The 
Ru(II!Ill) couple occurred at> 1.0 V. To observe the oxidation waves it was necessary 
to examine the cyclic voltarnmetry in nonaqueous media. The cyclic voltammogram of 
[Rull(capten)]2+ was recorded in 0.2 M nBU4NCF3SOyacetonitri1e at 25 °C (Figure 
4.4(a)). Waves were observed at 1.2, 1.35 and 1.5 V (vs Ag/AgCVnBU4NCl/MeCN). 
Although the waves at 1.3 and 1.5 V were difficult to distinguish, it was evident from the 
stirred cyclic voltarnmogram (where the current is proportional to the number of electrons 
removed) that the wave at 1.2 V was half the size of the wave from - 1.3-1.5 V. The 
amplitude of these waves represents a two electron step followed by two two-electron 
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steps. To establish that two electron oxidations do occur at these potentials a sample of 
[Ru(capten)](CF3S03)2 (21.6 mg) was dissolved in - 5 ml of argon-saturated 0.20 M 
n-BU4NCF3S03l'CH3CN and this sample was exhaustively oxidised at 1.20 V 
(vs Ag/AgCV nBU4NCI/MeCN). A plot of current against time indicated that the 
oxidation was complete in 30 minutes and by integration of this the curve, it could be 
shown that two equivalents of electrons were removed from the ion. During the 
oxidation, the solution changed from colourless to brown. Upon completion of the 
oxidation, scanning from Oto 1.2 V, Figure 4.4(b), gave a response exactly the same as 
the solvent background, indicating that oxidation at this potential was complete. 
Scanning to 2.1 V showed that the waves between 1.35-1.5 V were still present. These 
are presumed to be oxidation to the di- and ni-imine complexes. 
The solution was then oxidised at 1.50 V. A plot of current against time indicated that 
after one hour the oxidation was complete and integration of this curve showed that four 
electrons were removed during this step (a total of six electrons from the starting 
material). During the oxidation the colour changed from brown to bright red. Upon 
completion of the oxidation, scanning to 1.6 V showed that the response of the solution 
was the same as the solvent background. Presumably all the capten complex had been 
oxidised to the ni-imine. Also there was now a reduction wave at -280 mV which has 
been tentatively assigned as the reduction of the imines. 
This establishes that there are two-electron oxidation waves at 1.2, 1.35 and 1.5 V. The 
differences between the observed waves are comparable with the differences reported for 
the Ru(ll/lII) couples of [RuIT(sar)]2+, [Rull(imsar)]2+ and [Rull(diimsar)]2+ in 
acetoninile where each II/III couple is separated by - 150 mV.6 Given the similarity of 
the spacing of the II/III couples for these complexes it was of interest to determine 
whether this oxidation occurred with the same regioselectivity as that for [Ruill(sar)]3+. 
A sample of [Ru(capten)](CF3S03)2 (24 mg) was oxidised in dry aceronitrile (containing 
0.200 M LiCF3S03) at 1.50 V for 2 hours. The oxidised solution was concentrated 
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Figure 4.4 The cyclic voltammograms of: 
(a) [Rull(capten)]2+ in 0.2 M nBt14NCF3SOy'MeCN 
(vs Ag/AgCl/nBt14NC!/MeCN), Pt working electrode, 
scan rate I 00 m V s· 1, T = 25 °C. 
(b) The product after the above solution was oxidised at 1.2 V (same 
experimental conditions) 
(c) [Ru(capten)]3+/2+ in neat trifluoromethane sulfonic acid, Pt working 
electrode, scan rate 100 mY s·l, t = O °C, (using a Ag wire as a quasi 
reference elecrrode). 
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under a stream of argon and the resulting slurry was dissolved in CD3CN. The IH and 
13C NMR spectra of the sample were recorded. The 1 H NMR spectrum was partially 
obscured by the solvent peak, but a single peak was observed at - 9.2 ppm 
corresponding to imine, as well as two overlapping doublets at - 3.0 ppm, and two 
overlapping triplets at - 1.3 ppm. If the imines had formed in the five-membered chelate 
ring the imine signal would be a triplet. The presence of the singlet at 9.2 ppm implies 
that the imine has formed regioselectively in the cap. The 13C NMR spectrum is shown 
in Figure 4.5. There are six signals from the imine complex (a seventh signal from the 
quacernary carbon in the cap is expected to be small and was not observed). The signal at 
181.5 ppm corresponds to the imine carbon, the one at 58.8 ppm corresponds to a CH2N 
group, and those at 23.9 and 13.4 ppm correspond to SCH2 groups. The signals at 19.9 
and 19.5 ppm are assigned to the CH3 and CH groups respectively, on the basis of NOE 
and DEPT spectra. The 13C NMR spectrum is consistent with a molecule having C3 
symmetry, confirming that the imines had formed exclusively in the cap fragment There 
was no indication of any oxidation of the S atom in the NMR spectra or electrochemistry. 
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The 50 MHZ 13C NMR Spectrum of [RufI(triimcapten)]2+ in CD3CN. 
The reversible Ru(III)/Ru(II) couple for [RurI(capten)]3+/2+ can be observed in neat 
trifluoromethanesulfonic acid (0.1 M LiCF3S03) using a silver wire as a quasi reference 
electrode. Trifluoromethanesulfonic acid is one of the strongest acids known 
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(pKa = -10)7 and keeps the ruthenium complex from deprotonating, preventing the 
dehydrogenation pathway from occurring. [Ru(bpy)3]3+/2+ (1.26 V vs NHEll) was 
used to calibrate this system. If it is reasonable to compare this system with the 
electrochemistry carried out in aqueous solution, then the reversible Ru(IIl)/Ru(II) couple 
occurs with a redox potential of l:l V vs NHE, (Figure 4.4(c)). The sulfur ligands 
have stabilized the Ru(II) state with respect to Ru(III) by -0.9 V. In this respect, a 
thioether sulfur ligand is roughly twice as effective as an imine group at stabilizing 
Ru(II), and this is consistent with the larger internal field strength (MB). The lack of 
imine formation in neat CF3S03H is consistent with previous studies on Ru-N6 amine 
complexes.6 This suggests that the oxidative dehydrogenation involves a deprotonated 
nitrogen. A proposed Scheme for the reaction is shown below 
H 12+ 
rt-? (Qf(J -e -y 
CH3 
[Ru(capc.en)J2+ 
H 13+ 
rt-? (HN~I/NHJ -e 
l ~/f" --2H+ y 
CH3 
[Ru(capten)]J+ 
CH3 
[Ru(diimcapten)]2+ 
H 
1
2+ 
~ (QKN) y 
CH3 
[Ru(imcapten) ]2+ 
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4. 4 Crystal Structure of [Rull(capten)] 2 + 
The crystal structure of [Ru(capten)](CF3S03)2 at -140 °C reveals the the cation has a /e/3 
conformation . The ORTEP diagram of the molecule is shown in Figure 4.6. A 
summary of the averaged bond lengths and angles is given in Table 4.1 and the crystal 
data is given in Table 4.2. 
Figure 4.6 An OR TEP diagram of the cation in the crystal structure of 
[RulI(capten)](CF3S03)2, hydrogen atoms have been omitted 
for clarity and the thermal ellipsoids have been drawn to include 
50 % of the probability distribution . 
Table 4.1 Bond Distances and Angles for 
[Ru(capten)](CF3S 03)i 
0 
Average bond lengths (A) 
Ru -S6 2.284 (6) 
Ru- N3 2.144 (11) 
S6- C7 1.851 (5) 
S6- Cs 1.828 (6) 
Cg-C7 1.55 (10) 
C5-~ 1.548 (3) 
N3-C2 1.513 (7) 
N3-~ 1.507 (7) 
C2 - C1 1.54 (10) 
Average bond angles (0 ) 
S6 - Ru - N3 86.4 (2) 
C2 - N3 - C4 110.3 (6) 
Ru - S6 - Cs 97.5 (6) 
Ru - S6 - C7 108.4 (2) 
C7 - S6 - Cs 102.6 (1) 
Ru - N3 - C2 114.6 (12) 
R- N3 -~ 109.8 (5) 
~ - C5 - S6 105.5 (7) 
N3 -~ - C5 108.6 (5) 
[Ru(capten}J2~ 
(the numbering scheme used for the above table). 
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Table 4.2 Crystallographic Data for [Ru(capten)](CF3S03}z 
at 138 K. 
Formula 
Formula weight 
Space group 
z 
F(OOO) 
a,A 
b,A 
c,A 
~. 0 
Mode 
µ, cm·l 
Reflections measured 
Unique reflections 
Analysed reflections 
Fo > 6cr(Fo) 
No. of parameters 
R(F), % 
RwCF), % 
GOF 
Weighting function 
Residual electron 
density eA-3 
Min. 
Max. 
RuC17H31N3Ssf'606 
748.81 
P21/n 
4 
1520 
8.741 (3) 
21.728 (4) 
14.110 (3) 
90.75 (2) 
(!}-mode 
10.27 
5593 
4508 
3279 
343 
4.9 
5.1 
1.2 
1/( cr2(Fo)+0.0009 l *Fo2} 
0.703 
0.761 
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The average twist angle is 56.1(5)0 , the average RulLS bond length is 2.284 (6) A and the 
average RuILN bond length is 2.144 (11) A. This RuILS bond length can be compa.-ed 
with those of bis(l,4,7-trithiacyclononane)ruthenium(Il) triflate (2.3 to 2.4 A)9 and cis-
dichloro(l,4,8,11-tetrathiacyclotetradecane) ruthenium(II) (2.2 to 2.3 A).10 The RuILN 
distance is slightly longer than in [Rull(sar)]2+ but the C-N and C-C bond lengths 
together with the angles about the coordinated nitrogen are similar in both molecules. 
Since the nitrogen cap fragment is structurally similar to [Ruill(sar)]3+ it is not surprising 
that the oxidation processes are similar with the imines fanning in the caps in both 
complexes. 
4. 5 Conclusions 
The significant difference between the properties of [Rull(capten)]2+ and [Ruill(sar)]3+ is 
that the sulfur groups raise the Ru(III/ID redox potential by - 1 volt. Although this 
potential could not be measured in an aqueous solutions it is probable that the II/III couple 
would also be raised by this amount in dilute acidic solutions. There is an implication that 
the relevant Ru(IV) redox potential will also be much more positive than the N6 analogue 
and oxidation to the imine will therefore be more rapid. The disproportionation of 
[Ruill(capten)J3+ cannot be observed in water in the same way as the N6 systems, since 
the redox potential of [Rull(capten)]2+ is so high that there are no appropriate chemical 
oxidants that can generate [Ruill(capten)]3+ rapidly and quantitatively. To generate 
[Ruill(capten)J3+ thus requires that the [Rull(capten)]2+ complex be oxidised 
electrochemically in acetonitrile. Once the Ru(III) state is fanned in acetonitrile, the 
disproportionation and subsequent oxidation reactions occur rapidly and the only 
observable product is the tri-imine complex [RulI(triimcapten)]2+. The limited evidence 
available from this study points to the same or a similar mechanism for the oxidation as 
that deduced for the Ru(IID-N6 complexes leading to similar regioselectivity. 
One striking difference between the N6 and N3S3 complexes is the slow of exchange of 
the protons on nitrogen, with no evidence of exchange occurring for [Ru11(capten)]2+ in 
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Di0 (pH - 6) over 6 months. The thioether donors of the N3S3 ligand coordinated to 
rutheniwn(II) clearly make the amine sites much more basic than the corresponding amine 
sites in [Ruill(sar)]3+. In fact the basicicy is enhanced to a larger extent than what would 
be anticipated simply given the presence of three sulfur donors. The thioether sulfur is a 
much better donor than an amine nitrogen, and with three S donors replacing three N 
donors the Ru(II) becomes relatively more electron rich. It could be that the six non-
bonding electrons of the ruthenium(II) ion are so radially extended that they profound! y 
influence the rate at which the protons can be extracted from the N sites. 
4.6 
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CHAPTER FIVE 
The Synthesis, Properties and Reactions of 
Bis [1,1,1-tris(aminom ethyl)ethane] 
Ruthenium(IV /III/II) 
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5.1 Introduction 
The rapid formation of irnines in the rutheniwn-sar system occurs exclusively in the cap 
of the cage. The ligand tame ( 1, 1, 1-tris(aminornethyl)ethane) represents the fragment of 
sar in which this imine formation occurs. Therefore it was decided to study the reactivity 
of [Rull(tame)2]2+ and [Ruill(tame)2]3+ to determine if the rapid imine formation was an 
inherent propeny of this fragment. 
rt; IJ+ 
H2N"' i/NH2 
Rulll 
/ 1"-
"'lf3' 
CH3 
[Rutu(tamen]3+ 
H --i3+ ([:; · 
HN NH NH [ Qj( J 
~~ 
H 
[Ruw(sar)]3+ 
Bis-tame complexes are known to exist for 2n2+, Ni2+, Cu2+ and co2+/3+. l-3 Typically 
their synthesis involves mixing a solution of tame.3HC1 with a solution of the appropriate 
divalent metal salt, neutralisation of the mixture (and oxidation in the case of cobalt) 
followed by crystallization of the bis(tame) complex. However the synthesis of 
ruthenium-amines by this pathway is not feasible as ruthenium-hydroxy complexes 
readily form. An alternative pathway to rutheniwn(II)-amines involves RuCl3.x.H20 in a 
refluxing aqueous solution of the appropriate amine. For example [RuII(en)3]ZnC4 may 
be prepared by this route. If the pH is too high then rutheniwn-hydroxy complexes also 
form. Another disadvantage of this procedure is that contamination from the reductant 
can occur. Thus, when Zn was used as the reductant in the synthesis of 
[Ruil(en)3]ZnC4, formation of the isomorphous zinc-ethylenediamine complexes 
occurred in some cases. Since it is known that Zn complexes of bis-tame can form 1• 
preparation of [Rull(tame)2]2+ by this method is not ideal. To overcome these problems, 
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the method of synthesis of [Ruil(tame)2]2+ follows that used for [RuII(sar)]2+ and 
[RuII(tacn)i]2+.6 This utilizes the labile [Ru(dmf)6]2+ ion and the appropriate amount of 
free ligand in dry organic solvent Using this procedure avoids the need for reduction 
with Zn or Pb. The use of dry ethanol or propan-2-ol minimises the amount of OH- that 
can form, thus limiting the formation of ruthenium-hydroxy products. By this method 
[Rull(tame)i]2+ is readily synthesized and may be oxidised in acid solutions to generate 
[Ruffi(tame)2]3+. 
5. 2 Synthesis 
5. 2 .1 1,1,1-Tris(aminomethyl)ethane trihydrochloride (tame.3HCI) 
Tame.3HC1 was prepared as described previously.4 Typically 1, 1, 1-tris(benzene-
sulfonatomethyl)ethane was heated with excess liquid ammonia at - 115 °C and - 60 
aonospheres for 2-3 days. The amine was then purified and crystallized as the chloride 
salt by ion exchange on Dowex 50X2 resin. 
5.2.2 1,1,1-Tris(aminomethyl)ethane (tame) 
NaOH (5.30 g, 0.133 mol) was dissolved in warm methanol (-500 ml) and slowly 
added to a solution of tame.3HCI (10.0 g, 0.044 mo!) in methanol (100 ml). The 
solution was warmed and stirred for 2 h, then evaporated to dryness and the remaining 
white solid was extracted with hot chloroform. The clear solution was cooled, dried over 
Na2S04 and the solvent was evaporated. The resulting oil was distilled (81 °C, 7 mm). 
lH NMR 8 (CDCl3): 2.50 (s, 2H, CH2), 1.23 (s, 2H, NH2) and 0.25 (s, lH, CH3).5 
5.2.3 Bis[ 1, 1, 1- tris(amin omet hy l)et hane]Rutheni um(II) 
toluene-4-sulfonate, [Ru(tame)i](tos)i. 
[Ru(dmf)6](tos)i (0.587 g, 0.86 mmol) was added to a solution of tame (0.29 g, 
2.47 mmol) in freshly dried, argon-saturated propan-2-ol (- 5 ml). The reaction mixrure 
was left for several days at O °C during which time pale yellow crystals formed. These 
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crystals were of suitable quality for X-ray structural analysis. The mixture was cooled in 
dry ice to complete crystallization. The complex was recovered using cannula techniques 
and washed with propan-2-ol (2 x 10 ml) and diethyl ether (2 x 20 ml). A small sample 
of the complex was recrystallized by dissolving it in the minimum amount of dry argon-
saturated methanol and then carefully adding diethyl ether until precipitation was 
complete. The recovered complex was then vacuum dried. Yield 0.388 g, 86%. 
Anal. for [Ru(C5H15N3)2](C7HgS03)2: Calcd. (found): C, 42.40 (42.4); H, 6.82 (6.6); 
N, 12.36 (12.3); S, 9.43 (9.5). 
lH NMR o(D20): 2.53 (s, 12H, CH2), 0.58 (s, 6H, CH3); 
13C NMR o(D20): 49.30 (CH2), 38.23 (quaternary C), 22.34 (CH3). 
5.2.4 Bis[l,1,1-tris(aminomethyl)ethane]Ruthenium(III) dichloride 
perchlorate, [Ru(tame)i]Cl2.CI04. 
CNH4)2Ce(N03)6 (0.51 g, 0.876 mmol) was dissolved in a small amount of 1 M 
HCl04. This solution was then saturated with argon and added under argon to 
[Ru(tame)2]tos2 (0.555 g, 0.826 mmol). The resulting slurry was stirred overnight 
giving a pale yellow precipitate which was recovered by filtration. The complex was 
recrystallized from a small amount of 1 M HCl. The yellow prismatic crystals which 
grew were recovered by filtration, washed with a small amount of ice cold ethanol and 
vacuum desiccated overnight. These were of a suitable quality for X-ray structural 
analysis. 
Anal. for [Ru(CsH 15N3)i]CI2Cl04: Calcd. (found): C, 23.75 (24.0); H, 5.98 (6.4); N, 
16.61(16.4). 
5.2.5 [ 1,1,1-Tris(aminomethyl)ethane] [ 1,1-di (aminomethyl)-1-
(iminomethyl)ethane]Ruthenium(II) iodide, 
[Rull(imtame)(tame) ]Ji. 
Na3[Fe(CN)6]H20 (12 mg, 0.09 mmol) was dissolved in a solution of argon-saturated 
NaOH (6 ml, 0.1 M). This solution was then added to an argon-saturated solution of 
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[RuIIl(tame)2]CliCl04 (20 mg, 0.04 mrnol) in water (2 ml). After 1 minute Na! (0.6 g) 
was added to the yellow solution which was then cooled to 5 °C overnight, during which 
time a yellow complex precipitated. The complex was recovered by filtration, washed 
with cold ethanol (2 x 5 ml) and vacuwn desiccated overnight 
Anal. for [Ru(C5H13N3)(C5H15N3)]l2: Calcd. (found): C, 20.45 (20.6); H, 4.81 (5.1); 
N, 14.31 (13.9); I 47.60 (47.5). 
lH NMR o(D20): 8.2 (s, lH, CH), 2.7 (s, 2H, CH2), 2.6 (s, 4H, CH2), 2.3 (s, 4H, 
CH2), 1.08 (s, 3H, CH3) and 0.63 (s, 3H, CH3). 
13C NMR o(D20): 179.9 (N = CH), 49.22 (CH2), 48.94 (CH2), 44.23 (CH2), 43.55 
(quaternary C), 38.28 (quaternary C), 22.47 (CH3) and 20.64 (CH3). 
5.3 Physical Properties 
5. 3. 1 Absorption Spectra 
The absorption spectra of [Rull(tame)2]2+, [RuIIl(tame)2]3+ and [RuII(imtame)(tame)]2+ 
are shown in Figure 5.1. The spectrum of [Rull(tame)2]2+ exhibits a shoulder at 380 nm 
(E = 70 M-1 cm-1) and a band at 285 nm (E = 1090 M-1 cm-1). The shoulder at 380 nm 
has been assigned to the lowest spin-allowed transition of lA1g-+lT1g parentage. This 
assignment gives a ligand field strength of!). = 27,600 cm· 1, which is typical of Ru(II)-
amines. 6 The intensity of the band at 285 nm is indicative of a charge transfer band as 
has also been observed in the case with other Ru(ll)-amines. The specrrum of 
[RuIIl(tame)2]3+ has a band at 352 nm (E = 459 M-1 cm·l). The equivalent bands for 
[RuIIl(NH3)J3+ and [RuIII(en)3]3+ have been assigned to spin-allowed transitions7 but 
these transitions are not clearly understood and they may have metal to ligand charge 
transfer character. This is an area of uncertainty and really requires an in-depth study to 
establish the assignments with certainty. 
The absorption specrrum of [RulI(imtame)(tame)]2+ has a band at 390 nm 
(E = 4150 M-1 cm· I), which is of metal to ligand charge transfer (d -+ 1t*) origin. This 
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corresponds closely with the spectrum of [RuCT(imsar)]2+ (Amax= 390 nm, E = 4300 M·l 
cm·l) and is characteristic of Ru(II)imine complexes. 
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lH and 13C NMR Spectra 
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[Rull(tame)2/+ : The lH NMR spectrum, Figure 5.2(a), consists of singlets at 0.58 and 
2.53 ppm. These chemical shifts are consistent with methyl and methylene signals 
respectively. The relative intensity of the two signals is 1 :2. It is therefore clear that the 
signal at 0.58 ppm can be assigned to the methyl groups of tame and the signal at 2.53 
ppm to the methylene groups of tame. The 13C NMR spectrum, Figure 5.2(b), consists 
of signals at 22.3, 38.2 and 49.2 ppm. The signal at 38.2 ppm is the weakest of the three 
and has been assigned to the quaternary carbon. An APT spectrum confirmed the 
assignment of the peak at 49.2 ppm to the methylene carbon and the peak at 22.3 ppm to 
the methyl carbon. 
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The 200 MHz IH (a) and 50 MHz 13C (b) NMR Spectra of 
[RulI(tame)2](tos)2 in 0.1 M CF3S03D (* = toluene-4-sulfonate). 
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[Rull(imtame)(tame)/2+: The IH NMR spectrum, Figure 5.3(a), consist of singlets at 
8.2, 2.7, 2.6, 2.3, 1.08 and 0.63 ppm. The relative intensities of these signals are 
1:2:4:4:3:3, respectively. This is consistent with the structure of [Rull(imtame)(tame)]2+. 
containing one imine group. This complex has Cs average symmetry so the number of 
signals expected was six - two methyl, three methylene and one methine. The chemical 
shifts for the signals of the unoxidised tame ligand were expected to be close to the 
chemical shifts of the parent [Ruil(tarne)2]2+. 
The signal at 8.2 ppm is obviously due to the imine proton (N=~H). The signal at 2.7 
ppm is assigned to the methylene group in the unoxidised ligand which lie:; on the plane 
of symmetry. This assignment is made on the basis of its intensity relative to the other 
methylene signals. The remaining four methylene groups give rise to only two signals 
(2.6 and 2.3 ppm). The parent complex, [Rull(tarne)2]2+, has a methylene signal at 2.53 
ppm so the signal at 2.6 ppm is assigned to the two methylene groups of the unoxidised 
ligand. The remaining methylene signal (2.3 ppm) therefore corresponds to the 
methylene groups of the oxidised ligand. Since the chemical shift of the methyl group at 
0.63 ppm is close to the value of the methyl group in the parent complex, it is accordingly 
assigned to the methyl group of the unoxidised ligand. The other methyl signal ( 1.08 
ppm) is assigned to the methyl group of the oxidised ligand. 
The 13C NMR spectrum, Figure 5.3(b), consists of signals at 179.9, 49.2, 48.9, 44.2, 
43.6, 38.3, 22.5 and 20.63 ppm. The two weakest signals (at 43.6 and 38.3 ppm) were 
assigned to the quaternary carbons. The signal at 38.3 ppm is assigned to the quaternary 
carbon of the unoxidised ligand (in the parent complex this occurs at 38.2 ppm). The 
signals at 49.2, 48.9 and 44.2 ppm are consistent with the chemical shifts expected for 
methylene carbons in the oxidised ligand. The CH3 resonance at 22.5 ppm is assigned to 
the unoxidised ligand (parent complex CH3 resonance at 22.3 ppm). The APT and DEPT 
spectra confinn the assignments of the appropriate signals to methine, methylene, methyl 
and quaternary carbons. Distinguishing between signals of the unoxidised and oxidised 
a 
b . 
190 
Figure 5.3 
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ligands by a comparison with the parent complex is by no means unequivocal, but all the 
assignments made above are reasonable. 
5.3.3 Redox Properties of the Ruthenium-tame Complexes 
Various solvents and electrolytes were used to investigate the electrochemical properties 
of the [Rull(tame)2]2+ complex ion. The cyclic voltammograrns were measured in the 
following solvents: 0.20 M n-BU4NCF3S03 in MeCN, aqueous 0.10 M NaBF4, 0.10 M 
CF3S03H and 0.10 M CF3S03Na. 
The cyclic voltarnmograrn for [Rull(tame)2]2+ in acetonitrile comprises a Ru(II)/(TII) 
couple followed by five further oxidation steps. Figure 5.4(a) shows the reversible 
Ru(II)/(III) couple at 16 mV (vs Ag/AgC1/nBU4NC1/MeCN). The second oxidation (at 
271 mV) is shown in Figure 5.4(b). Raising the temperature to 40 ·c improves the 
resolution for the remaining oxidation steps (presumably the higher temperature increases 
the rate of product formation on the electrode). Scanning the potential out to 1.2 V, 
(Figure 5.4(c)), shows four more waves at 463, 647, 878 and 1055 mV. The pattern 
appears to be the stepwise oxidation to the mono-, di-, tri-, tetra-, penta- and finally the 
hexa-imine complex. It is expected, as was the case in the ruthenium sar system, that the 
di-, tri- and tetra-irnine complexes exist as mixtures of several isomers but clearly the 
mono- and hexa-imine products must be single species. This is very similar to the 
behaviour of the ruthenium-sar system with the fonnation of each irnine stabilizing the 
ruthenium(!!) state by - 150 m V. 
The [Rull(tame)2]2+ ion displays different behaviour in 0.10 M CF3S03H. The 
reversible Ru(ID)/(11) couple occurs at 40 m V vs NHE (Figure 5.5). Significantly, 
when the potential was scanned out to 1.00 V there was no indication of any further 
oxidation. This is a clear indication that the oxidation of Ruill(amine) to Rufl(imine) is 
proton coupled and is being inhibited by the strong acid conditions. The key step in the 
mechanism proposed by Bernhardt for the irnine formation from Ru-amines depends on 
the disproportionation of deprotonated Ru(Ill)-amine. In this case (low pH) the imine 
Figure 5.4 
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a~ 
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C 
1.200 0.80 0.40 0.00 
applied potential (V) 
The cyclic voltammograms of [Rull(tame)2.]2+ in acetonitrile showing 
(a) the reversible Ru(IVIII) couple, (b) the first two oxidations, and 
(c) the six waves in the region -200 to 1400 mV. 
All scans start at -200 mV (vs Ag/AgCl/nBt14NCVMeCN), Pt working 
electrode, scan rate 50 m V s-1, at 40 °C. 
Figure 5.5 
applied potential (V) 
The reversible [Ru(tame)2]3+/2+ couple in 0.10 M CF3S0:3H, Au 
electrode, scan rate 20 m V s-1 at 25 °C. 
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formation is not observed and thus it can be concluded that the [RulII(tame)i]3+ does not 
deprotonate under these conditions if this mechanism holds. 
If the [Ruill(tame)z]3+ had a pK3 similar to that of [Ru(NH3)6]3+ (pK3 - 13) then in a 
0.10 M CF3S03H solution it would be expected to be fully protonated, inhibiting the 
disproportionation reaction. Since there are no further oxidations after the initial 
Ru(II)/(III) couple, under the conditions of pH in which imine formation occurs for 
[RulII(sar)]3+, it is clear that the pKa of [RulII(tame)z]3+ must be orders of magnitude 
higher than that for [RulII(sar)J3+. 
To establish that imine formation can occur from [RuIIl(tame)2]3+ in near neutral aqueous 
solutions, a cyclic voltammogram was recorded in 0.10 M NaBF4 and 0.10 M 
CF3S03Na. In 0.10 M NaBF4 there is a reversible Ru(Il)/(III) couple at -163 mV (vs 
Ag/AgCVsat. NaCl), Figure 5.6, and three further oxidations follow at 220, 370 and 497 
mV (vs Ag/AgCVsat. NaCl). Any further oxidation waves above 600 mV were obscured 
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by the solvent wave, but it is likely that there are three more oxidations each - 150 m V 
apart. 
+0.600 
T 
SµA 
.J.. 
Figure 5.6 
applied potential (V) 
The stepwise oxidation of [Rull(tame)2]2+ in 0.10 M NaBF4, Au 
electrode, scan rate 20 m V s-1 at 25 °C. 
In a 0.10 M CF3S03Na solution a reversible Ru(II)/(III) couple was not observed. 
Scanning through the potential range -400 to 500 mV showed oxidation waves at -5, 109, 
257 and 440 mV (vs Ag/AgCVsat. NaCl) (Figure 5.7). Above 500 mV the likely further 
oxidation steps were again obscured by the solvent wave but two more oxidations are 
expected at - 150 m V intervals. 
applied potential (V) 
Figure 5.7 The stepwise oxidation of [Rull(tamehJ2+ in 0.1 M CF3S03Na. 
Au electrcxie, scan rate 20 mV s-1 at 25 °C. 
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Since under these conditions of pH funher oxidations are observed, giving imine 
prcxiucts, it is clear that the imine fonnation is indeed dependent on deprotonation of 
[RuIIl(tame)2]3+. 
5.3.4 The Electron Self-exchange Rate of [Ru(tame)i]3 +/Z+ 
The linewidths of the CH3 and CH2 singlets of [Rull(tame)2]2+ were measured as a 
function of the concentration of [RuIIl(tame)i.]3+ which was generated in situ. CF3SO:,D 
(0.6 ml of 0.01 M) was added to a 14 mg sample of [Rull(tame)i]2+ to give a saturated 
solution (- 35 mM). Successive aliquots of solutions of AgCF3S03 in 0.01 M CF3S03D 
were then added to the NMR tube to panially oxidise Ru(II) to Ru(lli). The IH NMR 
specoum was recorded after each addition. When all the crystals of [Rull(tame)2]tos2 had 
dissolved, a few additional crystals of [Ru(tame)i](tos)i were added to ensure the 
solution was still saturated, thereby keeping the Ru(II) concentration approximately 
constant The ionic strength was thus - 0.1 M, largely determined by the Ru(II) 
concentration. Examples of the 1 H spectra of [Rull(tame)i.]2+ in the presence of 
[RuIIl(tame)i]3+ are shown in Figure 5.8. Plots of the experimental linewidths versus the 
concentration of [RuIIl(tame)2]3+ are shown in Figure 5.9, and tabulated in Table 5.1. 
Table 5.1 Linewidths of the Methylene and Methyl IH NMR Signals of 
[RuI1(tame)i]2+ in the Presence of [Ruill(tame)i]3+ ( 0.01 M 
CF3S03D, 23°C) 
104[Ruill(tame)i3+] 6V1n(CH2) 6v112(CH3) 
(M) (Hz) (Hz) 
0.0 5.4 4.8 
1.4 8.9 7.7 
2.4 14.7 11.1 
2.5 13.3 12.0 
19.0 25.6 29.5 
21.1 30.3 33.2 
22.9 35.0 35.9 
24.9 38.0 37.0 
41.3 54.6 
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Figure 5.8 
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200 MHz IH NMR spectra of [Rull(tame)2]2+ in 0.01 M CF3S03H, in 
the presence of [Rulll(tame)2]3+ at the following concentrations: 
(a) 0.00 mM, (b) 0.14 mM, (c) 1.9 mM. 
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Linewidths of the methylene (a) and methyl (b) IH NMR signals of 
[Rul1(tame)2]2+ as a function of the concentration of [Ruill(tame)2]3+. 
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The width of both signals was found to depend linearly on the concentration of 
[Ruffi(tarne)2]3+ and there was no change in the observed chemical shift of either signal. 
1bis is consistent with the exchange between the nuclei occurring at a rate which is slow 
relative to the rate of relaxation of the paramagnetic Ru(IID ion. 8 Therefore equations (I) 
and (2) hold: 
where 
/1v1n. = 6.v 0 in.+ k'[RuID(tame)i3+] 
lff 2obsd = l/f 2° + k11[RuID(tarne)i3+] 
6.vin. = linewidth of the NMR signal (in this case the lH NMR signal of the 
CH3 and CH2 groups in [RuID(tarne)i]2+) 
6.v1n.
0 
= natural linewidth of the appropriate signal 
1/f 2 = transverse relaxation rate 
k11 = electron self-exchange rate constant 
The linewidth is related to the transverse relaxation time by the relationship 9 
l/f 2 = rr(6v112) 
and from equation (1) 
k11 = 7t k' 
From the regression analysis (eqs. 1-4) the k I I values obtained were 
k11 = (3.4 ± 0.2) x 104 M-1 s-I from the methylene signal 
k11 = (3.7 ± 0.2) x 104 M-I s-I from the methyl signal 
giving 
k11 = (3.5 ± 0.2) x 104 M-I s-I (t = 23 °C, ionic strength = 0.1 M). 
(1) 
(2) 
(3) 
(4) 
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5.3.5 Crystal Structures 
The X-ray crystallographic analyses of [Rull(tame)i]tos2 and [Ruill(tame)i]Cl2Cl04 were 
determined at 115 Kand 100 K, respectively. The ORTEP view of each complex ion is 
shown in Figure 5.10. The cystallographic data for both molecules are given in Table 
5.2. The bond distances and angles for [Ruill(tame)2]3+ and for [Rull(tame)i)2+ are 
given in Table 5.3. The average RulLN distance is 2.134(7) A and the average Rum-N 
distance is 2.105(3) A. 
a b 
Figure 5.10 The ORTEP diagrams of the cations in the crystal structures of 
(a) [Rull(tamehJ2+ and (b) [Ruill(tame)i]3+, (thermal ellipsoids 
have been drawn to include 50 % of the probability distribution). 
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Table 5.2 Crystallographic Data for [Ru(tame)2](C7H7S03)2.4/3CJH70H 
and [Ru(tame)2]Cl2Cl04 . 
Formula Ru3S6D22N1gCg~164 RuCl304N6C10H30 
Formula weight 2072.1 506.2 
Space group P-1 No. 2 R-3m No. 166 
z 1 3 
F(OOO) 1198 777 
Temperature, K 115 K 100K 
a, A 14.958 (8) 7.465 (1) 
b, A 14.988 (4) 7.465 (1) 
C, A 15.045 (9) 30.183(6) 
a., 0 114.51 (4) 90 
p, 0 112.16 (5) 90 
y, 0 96.73 (4) 120 
V A3 
' 
2688 (120) 1456.7 (3) 
Peale gcm-3 1.28 1.73 
9 limits, 0 0-25 0-30 
Scan width , 0 1.35 + 0.35 *TAN(9) 1.0 + 0.35 TAN(9) 
Mode (!)-mode, variable scanspeed 
H,K,L (min, max) -11 ~ 11. o~ 1 7, -1 7 ~ 11 0~10,0~10,-42~42 
µ, cm-I 5.31 11.3 
Min. transmission 0.944 0.973 
Max. transmission 0.999 0.997 
Reflections measured 9876 1571 
Unique reflections 8393 581 
Analysed reflections 6504 536 
Fo > 6cr(Fo) 
No. of parameters 604 45 
R(F), % 4.9 2.5 
Rw(F), % 6.8 3.7 
GOF 3.3 0.9 
Weighting function 1/ ( cr2(Fo) + 0.0004*Fo2 } 1/ { cr2(Fo) + 0.0003*Fo2} 
Residual electron density eA-3 
Min. -0.86 -0.95 
Max. 0.94 0.78 
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Table 5.3 Average Bond Distances and Angles for 
[Ru(tame)'.2](C7H7S0:3)2.4/3CJH70H and [Ru(tame)i]Cl2Cl04 
[Rull(tame)2]2+ [RuIIl(tame)2]3+ 
. 
Average bond distances (A) 
Ru-N4 2.134 (7) 2.105 (3) 
N4-C3 1.48 (1) 1.487 (5) 
C3 - C2 1.53 (1) 1.537 (3) 
C2 - C1 1.53 (2) 1.542 (7) 
Average bond angles (0) 
N4 - Ru - N5 86.7 (2) 87.3 (2) 
N4 - Ru - N4· 93.3 (3) 92.7 (2) 
Ru - N4 - C3 115.6 (8) 115.9 (2) 
N4 - C3 - C2 114.0 (8) 113.2 (3) 
C1 - C2 - C3 107 .8 (8) 107 .7 (2) 
C3 - C2 - C3· 111.1 (14) 111.2 (3) 
Torsion angles (0) 
Ru - N4 - C3 - C2 ±28.6 (45) ±29.0 (5) 
N4 - C3 - C2 - C1 ±162.3 (28) ±162.2 (3) 
(the numbering scheme used for the above table) 
When these molecules are compared, the only significant difference between them is in 
the Ru-N bond length. The difference between the average RulLN and RulILN bond 
distance is 0.029 A which is four times greater than the standard deviation for these 
distances. This is probably a significant change in bond length. The N-C and C-C bond 
distances are essentially the same and the comparable non-metal bond angles do not vary 
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significantly for either oxidation state. That is, the shape and the size of the ligand is the 
same for each oxidation state. On oxidation or reduction the ligands simply move along 
the C3 axis of the ion to accommodate the larger or smaller metal ion, and the geometry of 
each ligand remains essentially unchanged. 
Since the differences between the Ru(II) and Ru(III) complexes are small, the outer-
sphere reorganization energy for the electron exchange process is small, and this is 
reflected in the fast self-exchange rate. The self-exchange rate constant is of the same 
order of magnitude as that for other primary amines coordinated to ruthenium, 
(i.e. - 104 M-1 s·l).10 For example, [Ru(NH3)6]3+/2+ has a self-exchange rate 
constant of - 4 x 1Q3 M-1 s·l and the change in the average Ru-N bond distance is 
0.03 A. IOa.11 Beattie et al. initially determined the self-exchange rate for solutions of 
0.125 and 0.250 M [Ru(I'.'H3)6]3+/2+ at 4 °C as (6.6 ± 1.0) x 103 M-1 s-1 and 
(9.9 ± 0.2) x 103 M·l s·l respectively. IO These low temperature measurements were 
made to reduce the rate of aquation of [Ru(NH3)~2+. These rate constants were found to 
depend on the concentration of chloride ion and a suitable correction for this gave a value 
of 3.3 x 1()3 M-1 s·l. Limited measurements at 25 °C and at a Ru(IlI) concentration of 
0.25 M, correcting for the chloride ion concentration, gave a value of 2.2 x 104 M·l s·l. 
This is not greatly different from the rate constant of 3.5 x 104 M-1 s·l and the 0.029 A 
change in the average Ru-N bond distance for the [Ru(tame)2]3+/2+ system. 
A comparison of [RuIIl(tame)i]3+ with the cap of [RulII(sar)]3+ reveals that the bond 
lengths and non-metal bond angles are quite similar (as shown in Figure 5.11 ). 
However, the five-membered chelate ring bite angle in [Ruill(sar)]3+ and the equivalent 
angle in [Ruril(came)2.]3+ are quite different (83.6 ° and 92.7 ° respectively). 
Furthermore, the twist angles for [RuIIl(tame)2.]3+ and [RuIIl(sar)]3+ are 60.0 ° and 
48.8 ° respectively. To superimpose the geometry of the [Ruill(tame)2.]3+ ion on the 
equivalent part of [Rulll(sar)]3+ structure, the twist angle must be decreased by - 11 ° and 
the ethylenediamine bite angle or its equivalent angle must be reduced by- 9°. Simply, 
the two tame ligands must move closer together and twist toward the eclipsed position 
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about the C3 axis of the ion. Although the two coordinated tame ligands are funher apan 
than the corresponding fragment in [Ruill(sar)]3+ the similarity of the non-metal bond 
lengths and angles indicate that [Rulll(tame)2]3+ is a good model for the cap fragment of 
[Ruill(sar)]3+; 
H 
1.536 A 
Figure 5 .11 A summary of the differences between the bond lengths 
and angles of [Runl(tame)2J 3+ and [Rulll(sar)]3+. 
1.487 A 
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The single methylene resonance in the I H NMR spectrum of [Ruill(tame)i]2+ suggests 
that the ligand is quite flexible with respect to inversion of the conformation. The two 
possible orientations of the ligand of [Ru(tame)i]n+ are shown, as seen along the c3 axis . 
. N 
~)J 
N ... ( .... ··y 
N 
With the aid of molecular models it can be seen that the [Ruill(tame)i]3+ ion can easily 
twist to accommodate an sp2 hybridized nitrogen. Since the coordinated ligand does not 
need to diston greatly to form a planar N=Ru(IV), the rate of disproportionation should 
not be inhibited by any steric considerations. Once the deprotonated Ru(N) ion forms, 
there is also no apparent steric inhibition to an intramolecular oxidation to give the planar 
irnine. The coordinated ligand can easily deform to accept a slightly strained -C=N 
fragment, so this process is not expected to be slowed by steric effects alone. These 
arguments imply that the Ru(IV) stereochemistry will be similar to that of Ru(ID and 
Ru(III) apart from the reduced Ru IV =N bond length. There are good reasons to believe 
that this will be the case because donation of the lone pair of electrons to Ru(N) will give 
it Ru(II) character. The same situation is not true for [RuN(r.acn)-H+]3+ where planarity 
at RulLN=C and RulY=N-C cannot be achieved without substantial distortions of the 
ligand (vide infra). 
5. 4 Reactivity of [Ru1II(tame)iJ 3 + 
When basic solutions of [Rulll(tame)2]3+ were prepared, it was evident that 
[Ruill(tame)2]3+ was undergoing a reaction since an intense yellow colour quickly 
developed. The initial evidence that this reaction involved a disproportionation step was 
obtained from an NMR experiment. [RulII(tame)2]Cl3 (9.0 mg) was dissolved in 0.10 
M NaOD and the I H and 13C NMR spectra were recorded. The I H NMR spectrum was 
recorded again after 15 minutes and there was no change in the 
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Figure 5 .12 The 200 MHz I H (a) and 50 MHz I 3C (b) NMR spectra of a reaction 
mixture of [RulD(tame)2] 3+ (9.0 mg) in NaOD (0.10 M, - 0.4 ml) 
recorded - 5 minutes after preparation. 
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spectrum. The 1 H NMR spectrum of the reaction mixture, Figure 5.12(a), shows the 
presence of two different compounds, [Rull(tame)i]2+ and [Rull(irmame)(tame)]2+. The 
resonances at 2.53 and 0.58 ppm correlate with [Ruil(tame)2]2+ and the resonances at 
8.2, 2.7, 2.6, 2.3, 1.1 and 0.63 ppm with [Rull(imtame)(tame)]2+. The two compounds 
are in the ratio 1: 1 as judged by the relative intensity of the signals at 2.69 ppm and 2.53 
ppm which correspond to the methylene protons in the oxidised and unoxidised ligand 
respectively. This suggests that [RulII(tame)i]3+ disproportionates to give 
[Rull(tame)2]2+ and a species that reacts to give [Rull(imtame)(tame)]2+. 
The 13C NMR spectrum of this reaction mixture is shown in Figure 5.12(b). 
[Ruil(tame)2)2+ has signals at 22.5, 38.3 and 49.5 ppm as previously determined. The 
[Rull(imtame)(tame))2+ has signals at 179.0, 49.2, 48.9, 44.3, 43.5, 38.5, 22.6 and 
20.7 ppm. Since signals from the tame ligand in [Rull(imtame)(tame))2+ have chemical 
shifts which are almost identical with the signals from the other product of the 
disproponionation reaction, [Rull(tame)2]2+, some overlap of signals occurs. For the 
signals in the vicinity of 38.3 and 22.5 ppm, resolution enhancement techniques were 
used to show that these each comprised two resonances. 
The above reaction was also followed specrrophotomeaically to obtain more detailed 
information about the kinetics. A solution of [Ruill(tame)2]3+ (120 µM) was mixed with 
a NaOH solution ([OH·]= 0.0045 M) and the spectrum of the reaction mixture was 
recorded every five seconds. The specrra for the first 60 seconds are shown in Figure 
5.13. It is clear that more than one reaction is occurring. Spectrum (a) has a maximum at 
430 run where [RufY(tame)2-2H+]2+ is expected to absorb. Similarly, spectrum (b) has a 
maximum at 390 nm, the wavelength at which the mono-imine is expected to absorb, but 
the bandwidth and shape also imply that at this point the reaction mixture contains species 
other than solely the mono-imine. 
The maximum molar absorptivity after this reaction has gone essentially to completion 
was approximately 4000 M·l cm·l, spectrum (m), and it was expected that the mono-
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Figure 5.13 The absorption spectra of a reaction mixture of [Rulli(tarne)2]3+ 
(- 120 µM) in a NaOH solution (0.0045 M) recorded at five 
second intervals for the first 60 seconds of the reaction. 
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Figure 5.14 The absorption spectra of a reaction mixture of [Ruill(tame)2]3+ 
( 117 µM) in a Na OH solution (0.0495 M) recorded at five 
second intervals for the first 60 seconds of the reaction. 
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imine complex would have a molar absorptivity similar to [Rull(imsar)]2+ (which also has 
a value of 4000 M-1 cm-1). So it is reasonable to assume that at this point 
[Rull(imtame)(tame)]2+ had formed. The final E of 4000 M-1 cm-I also gave a clear 
indication that oxidation to higher imines (i.e. di, tri, etc.) did not occur to any great 
extent (this was also evident from the NMR spectra). 
This experiment was then repeated with a higher OH- concentration (0.0495 M, - 10 
times that of the first experiment). The spectra for this experiment are shown in Figure 
5.14. The spectra are similar to the spectra of the first experiment. 
The first spectrum (a) has a much larger absorbance than the first speetrum of Figure 
5.13. This is a function of the initial reaction and how soon after injection the spectrum 
of the reaction mixture was recorded. A difference of 0.5 seconds would produce a 
substantial change in the intensity of the band at 430 run. Since this operation was 
manually controlled, this variation could not be avoided_ Even though the initial timing is 
dependent on the operator, 12 what is clear is that the final product has formed to the same 
extent in the same time, essentially independently of the hydroxide ion concentration. 
To observe the first few seconds of this reaction, the first experiment was repeated in a 
stopped-flow spectrophotometer. The concentrations after mixing were [Ruill(tame)2]3+ 
= 106 µMand [OH-] = 0.0045 M. The kinetic traces at 390 nm (a) and 430 nm (b) are 
shown in Figure 5.15. 
It can be seen that there is some initial growth in the absorbance at 430 nm which could 
be due to the formation of [RulY(tame)2-2H+]2+ and then after approximately one second 
the absorbance begins to decrease. At 390 nm there is a continuous increase in 
absorbance for approximately 100 seconds. The traces at 430 and 390 nm did not fit 
either first or second order kinetics well. 
When the concentration of the base was increased by approximately a factor of IO there 
was no significant change in the shape of the traces; for example Figure 5.16 shows the 
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Figure 5.15 The kinetic traces of the reaction mixture of [Ruill(tame)i)3+ in base 
where the concentrations after mixing were l 06 µM and 0.0045 M 
respectively, recorded at 390 nm (a) and 430 nm (b). 
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Figure 5.16 The kinetic traces of the reaction mixture of 53µM [Ruill(tame)i]3+ in 
base. (The concentration of base was (a) 0.0495 M and (b) 0.0045 M). 
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traces at 430 run where the concentration of [RuIII(tame)2]3+ was the same for both but 
for (a) [OH-] was 0.0495 Mand (b) [OH-] was 0.0045 M. 
When the two traces both with [OH-] = 0.0495 M, but with different [RuIII(tame)2]3+ 
concentrations are compared, it is clear that there is a subtle difference. For the more 
dilute solution of [RuIII(tame)2]3+, the growth of the trace at 430 nm continues for a 
longer time than in the more concentrated solution. The trace at 53 µM grows for - 1.25 
sand the trace at 106 µM grows for- 0.75 s. This change is significant and there is a 
dependence of this reaction on the concentration of [RuIII(tame)2]3+. Therefore, a first 
order dependence on the reaction can be ruled out Since the observed rate increases as 
the concentration of [RuIIl(tame)2]3+ increases, and the NMR experiment indicates that a 
disproportionation reaction has occurred, it is likely that the reaction is second order with 
respect to the concentration of [RuilI(tame)2]3+. 
If the [RuilI(tame)2]3+ could be deprotonated in this pH range, it would be expected to 
disproportionate to [Rull(tame)2]2+ and [RulY(tame)2-2H+]2+. The [RulY(tame)2-2H+]2+ 
could then undergo an intramolecular two electron oxidation to form 
[Run(imtame)(tame)]2+. This would also account for the lack of an isosbestic point in 
Figure 5.13 and for the kinetic traces which did not fit either first or second order 
kinetics. 
Scheme 5.1 
kd 
2 [RuilI(tame)2-H+]2+ ~ 
k_d 
l 
[Rull(imtame)(tame))2+ 
On closer examination, it can be seen that in Figure 5.13 spectrum (a) is the result of a 
mixture of [RulII(tame)2-H+]2+, [RulY(tame)2-2H+)2+ and some [Rull(imt.11Tie)(came)]2+. 
Spectrum (b) arises from a combination of all three ions too, but is dominated by 
[Rull(imtame)(tame)]2+. 
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In Figure 5.15, the trace at 390 nm shows that [Rull(imtame)(tame)]2+ starts to form 
almost immediately after injection and the trace at 430 nm shows that in the beginning the 
disproportionation reaction is dominating and the [RuIY(tame)2-2H+]2+ concentration is 
increasing. As this reaction proceeds, more Ru(IV) is being converted to 
[Rull(imtame)(tame)]2+ and the absorbance begins to drop. However, the second order 
disproportionation reaction is still evident as shown by the tail of the trace at 390 nm. 
Increasing the concentration of [Ruill(tame)2]3+ did not increase the rate of the 
disproportionation reaction to a stage where it could be clearly separated from the 
oxidation rate. No matter how fast the disproportionation rate was initially, it always 
influenced the trace for oxidation of [RuIY(tame)2-2H+]2+ to [Rull(imtame)(tame)]2+. 
This interference of the disproportionation reaction can best be seen in the tails of the 
traces at 390 nm. This is because the second order disproportionation gets progressively 
slower and extends over a longer time frame than the first order oxidation. This is very 
different from the sar case, where the disproportionation rate was much faster and well 
separated from the imine formation rate. 
5 .5 Characterization of [Rulll(tame)i-H+]2+ 
A series of experiments was carried out with the stopped-flow specrrophotometer to 
measure absorbance as a function of wavelength for solutions of [Ruill(tame)2]3+ which 
had been mixed with NaOH solutions. These traces were recorded for0.1 s between 
350-700 nm and each trace was extrapolated to zero time. The plot of absorbance versus 
wavelength is shown in Figure 5.17. 
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Figure 5.17 The absorption spectrum of [RuilI(tame)i-H+]2+ in 0.045 M [OH]· 
5 ms after preparation. 
This spectrum is attributed to [Rulll(tame)2-H+]2+. In this experiment the concentration 
of [Ruill(tame)2]3+ was 135 µM, the Amax is at 430 nm, and the molar absorptivity is 
2000 ± 50 M-1 cm-1. The ruthenium concentration was varied with no significant 
change in the molar absorptivity. 
The possibility that the spectrum in Figure 5.17 is that of Ru(IV) needs to be addressed. 
When (RurY(tame)2-2H+]2+ was generated quantitatively under the same conditions using 
[Os(CN)6]3- as an oxidant, its molar absorptivity was - 8000 M·l cm-I at 430 nm which 
is inconsistent with the molar absorptivity obtained in this experiment Furthermore, the 
spectral changes described earlier indicate that the disproportionation was talcing place on 
a seconds timescale under these conditions, which is too slow to account for the changes 
observed immediately following addition of OH-. A solution of [Rulll(tame)2]3+ was 
mixed with OH- and quenched immediately after mixing with a small hand-mixing 
injector in a nitrogen-filled glove bag which enabled the solution of [RuilI(tame)2]3+;oH· 
to be injected directly into a 3 M HCl solution. The spectrum of the quenched reaction 
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was that of [Ruill(tame)2.]3+(> 95%). This showed that the first step in the overall 
reaction is the deprotonation of [Ruill(tame)2.]3+ to [Ruill(tame)2-H+]2+ and that the 
spectrwn shown in Figure 5.17 is unequivocally that of [Ruill(tame)2-H+J2+. 
5. 6 Acidity constant of [RuIII(tame)i]3+ 
A series of experiments was performed in which the initial absorbance of [Ruill(tame)i]3+ 
was measured as a function of pH. The analytical wavelength was 430 nm, the 
established A.max of [Rulll(tame)2-H+)2+. The absorbance was measured in the same way 
as for the characterization of [Ruill(tame)2-H+)2+. Apart from deprotonation, little or no 
further reaction has occurred in 5 ms. The titration curve is shown in Figure 5. 18. By 
following the method outlined in the experimental section, the pKa was determined as 
10.3 ± 0.1 at 25.0 °C and at 0.1 M ion ic strength. 
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Figure 5.18 The titration curve for the determination of the acidity constant 
of [RuIIl(tame)iJ 3+ (t = 25.0 °C, ionic strength = 0.1 M). 
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5. 7 Characterization of [RulY(tame)i-2H+]2+ 
On the evidence presented so far the oxidation of [Ruill(tame)2]3+ to 
[Ruil(imtame)(tame)]2+ is argued to proceed through the Ru(IV) intennediate 
[RuIY(tame)2-2H+]2+. By analogy with the ruthenium-sar experiments, at pH - 11 the 
doubly-deprotonated species is present rather than the singly-deprotonated form. Since 
the pKa values for the ruthenium(III)-amines [Ruill(sar)]3+ and [RuIIl(tame)2J3+ are 6.3 
and 10.3 respectively, the [RuIY(tame)2-2H+]2+ might be expected to be more basic than 
the equivalent sar complex. The pKa of [RulY(sar)-H+]3+ is 3.0, so the pKa of 
[RuIY(tame)2-H+]3+ could be - 7-8. At pH - 11 [RuIY(tarne)2-2H+]2+ is expected to 
dominate rather than [RuIY (tame)2-H+]3+. By the use of strong oxidants, the rate of 
formation of [RulY(tarne)2-2H+]2+ was accelerated, so that reaction (1) was driven 
completely to the products. 
[Ruill(tarne)2]3+ + ox 20H,- [RuIY(tame)2-2H+f+ + red+ 2H+ (1) 
A typical absorbance spectrum is shown in Figure 5.19. It was obtained by [Os(CN)6]3-
oxidation of [Ruill(tame)2]3+ in 0.050 M NaOH. ([Os(CN)6]4- has transitions at 213 nm 
and 195 nm 19, so its contribution to the absorbance above 250 nm is negligible). Traces 
were recorded at 5 nm intervals and recorded for 0.1 s. Each trace was extrapolated back 
to zero time in a similar way to that in the characteriz.ation of [RuIY(sar)-2H+]2+ (Chapter 
3). The molar absorptivity was determined to be 8200 ± 100 M-1 cm-I at the Amax of 
430 nm. These values are consistent with the values obtained for [RuIY(sar)-2H+]2+ 
(Amax = 430 nm, Emax = 8000 M-1 cm-1).12 
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Figure 5.19 The absorption specrrum of [RuIY(tarne)2-2H+]2+ 
5 ms after preparation. 
5. 8 The Rate of Formation of [Rull(imtame)(tame)] 2+ 
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In order to investigate the reactions that follow the treatment of [RulII(tarne)2]3+ with 
base, a series of oxidants was used to generate [RuIV (tarne)2-2H+]2+. This 
ruthenium(IV) intermediate appears to undergo a two electron intrarnolecular oxidation to 
form [Rull(imtarne)(tarne)]2+. Figure 5.20 shows a series of spectra for the oxidation of 
[Ruill(tarne)2]3+ with [Fe(CN)6]3· in 0.045 M OH·. A solution of [RuIIl(tame)2]3+ was 
mixed with a NaOH solution containing the oxidant and the specrrum of the reaction 
rnixrure was recorded every 3 seconds. The concentrations of the species after mixing 
were: [Ruill(tarne)2]3+ = 125 µM , [Fe(CN)6]3· = 163 µMand OH·= 0.0495 M. At zero 
rime (spectrum (a)) the [RulY(tame)2-2H+]2+ intermediate has been generated and there is 
no indication of any irnine formation at this poinL Three seconds later the spectrum (b) 
shows that the reaction mixture contains mainly [Rull(imtarne)(tarne)J2+ (Amax= 390 nm) 
together with a small amount of [RulY(tame)2-2H+]2+, as indicated by the extended 
shoulder at 430 nm. At this point the reaction has almost reached completion and the 
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Figure 5.20 The absorption spectra of a reaction mixture of [Ruill(tame)i]3+ 
(125 µM) with [Fe(CN)6]3· (163 µM) in a NaOH solution 
(0.0495 M) recorded at three second intervals. 
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Figure 5.21 1l1e absorption spectra of a reaction mixture of [Ruill(tame)2]3+ 
(136 µM) with [Fe(CN)6]3· (153 µM) in a NaOH solution 
(0.0045 M) recorded at three second intervals. 
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relatively small growth in absorbance at 390 nm over the next minute confirms this. Thus 
the oxidation of [RuIY(tame)2-2H+]2+ to [Rull(imtame)(tame)]2+ is complete in - 5 
seconds. 
To observe the pH dependence of this reaction, it was repeated at a lower hydroxide 
concenrrarion. A series of specrra is displayed in Figure 5.21 for lower base 
concenrration. The concentrations after mixing are [Ruill(came)i]3+ = 136 µM, 
[Fe(CN)6]3- = 153 µMand OH-= 0.0045 M. The first spectrum (a) was recorded 
slightly later than the first spectrum in the previous set This is evident from the 
broadness and the distoned shape of the band. Clearly the band results from a mixture of 
[Rull(imtarne)(tame)]2+ and [RuIY(tame)2-2H+]2+. Spectrum (b), recorded three seconds 
after mixing, is similar to the one recorded after three seconds in the previous experiment 
and the absorbance of the reaction mixrure is dominated by [Rull(imtame)(tame)J2+. The 
reaction has almost reached completion within 5 seconds. Varying the base concentration 
by a factor of 10 does not produce a substantial change in the rate of oxidation. 
When Oi was used as the oxidant, the Ru(IV) intermediate was again generated and the 
rapid formation of [Rull(imtame)(tame)]2+ was observed. However, further oxidation 
presumably to di- and tri-imine species was observed to occur over a longer time period 
(- 1000 s). The specrra from this experiment are shown in Figure 5.22. The 
concentrations after mixing are [RuITT(tame)2]3+ = 125 µMand [OH]-= 0.0045 M. Air 
was bubbled through the solutions for 20 minutes prior to injection. 
These reactions were then investigated using the stopped-flow spectrophotometer. For 
the [Fe(CN)6]3- oxidation, the kinetic trace, Figure 5.23 (a), showed first order kinetics. 
However the points for the first 0.5 seconds were removed from the analysis as these 
include a component arising from the initial electron transfer between [Ruill(tame)2]3+ 
and [Fe(CN)6]3-. The rate constant for the oxidation kim was assessed as 1.1 s-1. 
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Figure 5.22 The absorption spectra of a reaction mixture of [RulII(tame)iJ3+ 
(125 µM) with 02 in a NaOH solution (0.0045 M) recorded 
at three second intervals. 
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Figure 5.23 The kinetic traces for the following mixtures: 
(a) [Rulll(tame)2]3+ (45 µM) and [Fe(CN)6]3- (1225 µM) 
(b) [RulII(tame)2]3+ (122 µM) and 02 (1000 µM) 
(c) [Ruill(tame)2]3+ (106 µM) and [Os(CN)6]3- (104 µM) 
(t = 25.0 °C, ionic srrength = 0.10 M). 
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With oxygen as the oxidant, the formation of the ruthenium(IV) intermediate was 
followed by conversion to [Rull(imtame)(tame)]2+, Figure 5.23 (b). The trace was 
treated as two consecutive first order reactions and kim was determined as 1.0 s· l. 
[Os(CN)6]3· was also used as an oxidant, Figure 5.23 (c). The rate of electron self-
exchange for [Os(CN)6]3· is faster and its redox potential is higher than that for 
[Fe(CN)6]3·, so on both counts it is a better oxidant and formation of the ruthenium (TV) 
intermediate is expected to occur within the mixing time. The rate constant for decay of 
the ruthenium (IV) species was first order and therefore independent of the initial 
concentration of reactants. The rate constant for the oxidation was determined to be 
1.0 s· l, in agreement with the 02 experiment. This agreement of the kim values obtained 
from the [Fe(CN)6]3·, [Os(CN)6]3· and the 02 oxidations highlights the usefulness of 
these oxidants to study this type of reaction. A summary of the experimental conditions 
and the rate constants is given in Table 5.4. 
The data in Table 5.4 show that the rate constant is independent of the concentration of 
oxidant, the nature of the oxidant, the concentration of the staning [Ruill(tame)2]3+ and 
also of hydroxide ion concentration. These give weight to the conclusion that 
[RuIY(tame)2-2H+]2+ is being generated quantitatively, and the decay observed in the 
traces of Figure 5.23 corresponds to the formation of [Rull(imtame)(tame)]2+ from 
[RuIY(tame)2-2H+]2+. 
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Table 5.4 Values of kim for various oxidants 
[RulV(tame)2-2H+]2+ kjm [Rull(imtame)(tame)]2+ 
Reaction ([Ruill(tame)2]3+] Oxidant [Oxidant] [OH·] kim 
(µM) (M) (s·l) 
1a 122 Di lQ·l.5 M 0.0495 1.03 
2b 70 Di 10-3 M 0.0495 1.19 
3b 65 Di lQ-3 M 0.0045 1.05 
4c 70 Di lQ-3 M 0.0495 1.29 
5 34 [Os(CN)6]3· 104µM 0.0045 1.30 
6 71 [Os(CN)6]3· 104µM 0.0045 1.05 
7 106 [ Os( CN)6] 3· 104µM 0.0045 1.00 
8 45 Na3[Fe(CN)6] 1225 µM 0.0045 1.10 
a only the basic solution was saturated with 02 
b both reactant solutions were saturated with 02 
c rate constant evaluated using Expfit13 for separating sums of exponentials. 
5. 9 The pH Dependence of the Oxidation Rates of 
[RulY(tame)i-H+]3+ and [RulY(tame)i-2H+]2+ 
The rate of oxidation of the ruthenium(IV) species was measured as a function of pH by 
using [Os(CN)6]3· as the oxidant (except at pH 12.7 where 02 was used). The reactions 
were followed at 390 nm and 430 nm. At 390 nm the growth of the imine was first order 
and the rates were not significantly different from the first order decay of the band at 
430 nm (i.e. the decay of [RulV(tame)2-2H+]2+). A summary of the experimental 
conditions and results are given in Table 5.5. Reactions 4-8 illustrate the wavelength 
independence of kim· 
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Table 5.5 The rate constants for the oxidation of [RufY(tame)2-2H+]2+ 
and [RulY(tame)2-H+]3+ to [Rull(imtame)(tame)]2+. 
Reaction ([Ruill(tame)2]3+] Oxidant 
No. (µM) 
1 122 Oi 
2 106 [Os(CN)6]3-
3 67.3 [Os(CN)6]3-
4 67.3 [Os(CN)6]3-
5 67.3 [Os(CN)6]3-
6 61.1 [Os(CN)6]3-
7 61.1 [Os(CN)6]3-
8 61.1 [Os(CN)6]3-
9 53 [Os(CN)6]3-
10 53 [Os(CN)6]3-
11 53 [Os(CN)6] 3-
12 61.1 [Os(CN)6]3-
[Oxidant] 
(µM) 
sat. 
104 
102 
102 
102 
92 
92 
92 
204 
152 
103 
97 
A. 
(nm) 
430 
430 
430 
430 
390 
430 
390 
430 
430 
430 
430 
430 
12.7 
11.6 
10.5 
9.54 
9.54 
9.40 
9.40 
8.67 
8.40 
8.21 
8.05 
7.60 
1.0 
1.0 
2.4 
6.8 
7 .1 
9.8 
10.8 
28.8 
74.3 
139 
207 
288 
The kinetic trace (Figure 5.24) shows that there are two consecutive steps, first the 
oxidation to Ru(IV) and the subsequent oxidation to imine. A double exponential fit to 
this trace separated the pseudo-first order electron transfer rate and the first order 
oxidation rate. At lower pH it was difficult to determine the rate constant for the 
oxidation step (kim) as the rate was approaching the limit of the stopped-flow technique 
(i .e. t112 < 0.5 ms). As the pH is lowered the concentration of [Ruill(tame)i-H+)2+ 
decreases, and the electron transfer reaction slows down (while the oxidation rate 
increases). Thus it was not practical co determine the race constant for the oxidation 
reaction below pH 7 since the elec1ron transfer reaction overlaps with the oxidation 
reaction in this region. 
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Figure 5.24 The kinetic trace for the oxidation of [Ru1Il(tame)2]3+ to 
[RuIV(tame)2-2H+]2+ by [Os(CN)6]3- and the subsequent oxidation to 
[Rull(imtame)(tame))2+ at pH 7.6 (t = 25 °C, ionic strength= 0.10 M). 
The fit of the experimental data (Table 5.5) to this pH dependant behaviour is shown in 
Figure 5.25. From this plot it can be seen that the observed rate constant approaches a 
lower limit at high pH and approaches an upper limit at low pH. This data has been 
interpreted in terms of the existence of two forms of the Ru(IV) intenr.ediate from which 
the oxidation can take place. One form is singly deprotonated while the other is doubly 
deprotonated. The former has a higher positive charge and is therefore a better oxidant 
than the latter. The pKa of [RulV(sar)-H+J3+ is 3.0 ± 0.6 and the pKa of [Ruill(sar)J3+ is 
6.3, a difference of approximately 3.12 The pKa of [Ruill(tame)2]3+ is 10.3, so a pKa for 
[RuIY(tame)i-H+]3+ of - 7-8 would not be inconsistent with the ruthenium-sar(IV)/(IH) 
system. From the pH dependence in Figure 5.25 it can be seen that the pKa for the 
[RuIV(tame)2-H+]3+ falls in this region. 
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Figure 5.25 A plot of kim as a function of pH for the oxidations of 
[RulY(tame)2-2H+]2+ and [RulY(tame)2-H+J3+ (t = 25 °C). 
The reaction sequence is shown below: 
When pH > pK rv 
[Ru1Y(tame)2-2H.._ ]2+ 
when pH < pK1v 
[RulV(tame)2-H+]3+ 
[Rull(imtame)(tame)]2+ 
[RuII(imtame)(tame)J2+ + H+ 
The differential rate law for the decay of the total ruthenium(IV) concentration as 
and the observed rate constant (kim) is 
k1K1v + k2 [H+] 
(Krv + [H+]) 
where [RulYJt = the total concentration of RuIV 
K1v = the second Ka for [RulY(tame)z]4+ 
kr = the rate constant for the oxidation of [RulY(tame)2-2H+J2+ 
k2 = the rate constant for the oxidation of [RulY(tame)2-H+]3+ 
( I) 
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Examining the limits of the expression for the observed rate constant 
1) when Krv >> [H+] 
but k2 [H+] is very small so 
2) when [H+] >> Krv 
but kr Krv is very small so 
which is consistent with the experimental observations. 
From a least-squares fit of k1, k2 and Krv to Eq. (1), the following values are obtained 
k1 = (1.0 ± 0.3) s-1 
k2 = (390 ± 20) s-1 
pKrv = (8.15 ± 0.2) M 
The oxidation rate constant for the singly deprotonated form is larger than that for the 
doubly deprotonated form simply because [RuIY(tame)2-H+]3+ is a much better oxidant 
than [RuIY(tame)2-2H+]2+. Its redox potential is at least 1 volt more positive than 
[RulY(rame)2-2H+]2+ and even though the oxidation to the imine is proton coupled for 
[RuIY(tame)z-H+]3+, it is this large difference in EO that helps drive the reaction to the 
product [Rull(imtame)(tame)]2+. 
In light of this proposed mechanism the oxidation of the sar complex to [Rull(imsar)J2+ 
was reviewed; as mentioned in the Inrroduction (Chapter 1) the rate constant for the 
oxidation of the ruthenium(IV) state in acid was explained as being pH dependant An 
alternative explanation is that the oxidation occurs from two forms of the ruthenium(TV) 
state, i.e. from [RulY(sar)-H+]3+ and [RulY(sar)-2H+]2+. For these complexes the singly 
deprotonated form is also expected to be the better oxidant and the rate from this form is 
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expected to be faster than that from the doubly deprotonated form. A plot of the rates 
determined in acid solutions IS together with the value determined in Chapter 3 is shown 
in Figure 5.26. The curve fitted to this data was calculated for a process where the rate of 
oxidation from the singly deprotonated form is 15 s-1 and the rate from the doubly 
deprotonated form is 5 x IQ-4 s-1, the K1v is 3.0 Ml6 and the overall rate equation is 
and the observed rate constant (kim) is 
where 
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Figure 5.26 A plot of kim as a function of pH for the oxidations of 
[RulY(sar)-2H+)2+ and [RulY(sar)-H+J3+ ([ = 25 °C). 
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5.10 The Rate of Disproportionation of [RuIII(tame)i]3•. 
As outlined earlier, it was established that in basic solutions [Ruill(tarne)2]3+ 
disproportionates to [Rull(tame)2]2+ and [RulV(tarne)i-2H+]2+ and the latter is convened 
to [Rull(irntame)(tame)]2+. The rate of formation of [Rull(imtame)(tame)]2+ was found 
to depend on the concentration of [Ruill(tame)i13+ as indicated by the different shapes of 
the kinetic traces of the reaction mixtures with [Ruill(tame)iJ3+ concentrations of 106 µM 
and 53 µM, shown in Figure 5.15 and 5.16 respectively. It is also clear that at these 
con.:entrations of ruthenium the rate of disproportionation of [Ruill(tame)2]3+ is similar to 
the rate of oxidation of [RuIY(tame)i-2H+]2+. 
To separate these two reactions and obtain their rate constants it was necessary to 
deconvolute these traces using the Runge-Kutta method (outlined in Chapter 2). Figure 
5.27 shows a simulated trace superimposed on the experimental data for an experiment at 
0.0045 M [OH·] and 153 µM [Ruill(tame)i]3+ (t = 25.0 °C and ionic strength= 0.10 M). 
The parameters used to generate the simulated trace (except for kct) were: 
[Rulli(tame)i-H+]2+ £430 = 2020 M-1 cm·l. 
[Rull(tame)i]2+ £430 == 0. 
[RulV(tame)2-2H+]2+ £430 = 8200 M-1 cm-I. 
the rate constant for the oxidation of [RulV(tarne)i-2H+]2+ to 
[Rull(imtame)(tame)]2+ = 1.0 s-1 . 
The rate constants for the disproportionation and comproportionation reactions were 
varied until a suitable fit was obtained (an example of this procedure at 53 µM 
highlighting the sensitivity of the simulated trace to variation in rate constants is given in 
Appendix One). From this analysis the disproportionation rate constant was determined 
as 4000 M-1 s-1 and the comproportionation rate constant as very much smaller 
(< 100 M-1 s-1). The simulated trace was insensitive to large variations in the rate of 
comproportionation but very sensitive to minor changes in the rate of disproportionation. 
The disproportionation equilibrium lies very much in favour of the products and this is 
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consistent with [RuIY(tame)2-2H+J2+ being a weak oxidant and not capable of oxidising 
[Rull(tame)2]2+ to [Ruill(tame)2]3+. 
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Figure 5.27 The simulated trace for the reaction of [Ruill(tame)2.]3+ in 0.0495 M 
OH· superimposed on the kinetic trace; experimental data 00000 and 
calculated curve - -. 
By this method the disproportionation rare constants were determined for the following 
reaction mixtures: (a) kct = 4000 M-1 s· l (OH· concentration= 0.0045 Mand 
[Ruill(tame)2.]3+ concentration = 53 µM) (b) kct = 3800 M-1 s· l (OH· concentration= 
0.0495 M and [Ruill(tame)2] 3+ concentration = 62 µM). For both these experiments the 
simulated trace superimposed on the kinetic trace is shown in Figure 5.28. 
When the disproportionation reaction was followed at pH 10.8 it was evident that here 
too the disproportionation reaction was in competition with the oxidation reaction. 
Deconvolution of this trace led to a value for the disproportionation reaction of 
3500 M -1 s· l. At pH 9 .5, which is below the pKa of the Ru(III) complex, the shape of 
the trace changed as shown in Figure 5.29. 1n this pH region there is not a large amount 
of [Ruill(tame)2-H+J2+ present in the reaction mixture so the initial absorbance is small. 
For a solution 62 µMin Ru(Ill) the experimental trace was clearly second order and a 
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Figure 5.28 The simulated trace for the reaction of [RuITT(tame)2J3+ (53 µM) in base 
superimposed on the kinetic trace where the concentration of OH- was 
(a) 0.0495 Mand (b) 0.0045 respectively; experimental data 00°00 and 
calculated curve --. 
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second order rate constant of 1200 M-1 s-1 was derived. The deconvoluted fit to this trace 
gave the value as 1500 M-1 s-1. The similarity of these results implies that the 
disproportionation reaction is no longer occuring on the same timescale as the oxidation 
reaction. It was independently established that the first order oxidation rate was 
considerably faster than the disproportionation rate under the conditions used (Table 5.6). 
Below this pH, it was no longer necessary to deconvolute the experimental traces to 
obtain the second order rate constants and each trace was observed to be second order in 
Ru(III) concentration. A summary of the values for the disproportionation reaction is 
given in Table 5.6. Below pH 7 the traces deviated from true second order kinetics and 
the rates were not reproducible. Clearly, some other factor is contributing, and attempts 
to control the reaction by scrupulously removing 02 and removing traces of metal ion 
catalysts with ethylenediamine tetraacetate were not successful. The study was not 
pursued further in this region. Despite these problems the study in neutral to basic 
conditions was reproducible and a meaningful analysis could be made. 
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Figure 5.29 The simulated trace for the reaction of [RuITT(tame)2]3+ at pH 9.5 
superimposed on the lcinetic trace; experimental data 0 000 and calculated 
curve--. 
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Table 5.6 The rate constants for the disproportionation of [Ruill(tame)2]3+ 
as a function of pH (f = 25.0 °C, ionic strength = 0.10 M). 
Reaction [Ruill(t)23+] pH17 A. kobs18 ktf18 
No. (µM) (nm) (s-1) (M-1 s-1) 
1 53 12.7 430 deconvoluted 3800 
2 153 11.6 430 deconvoluted 4000 
3 53 11.6 430 deconvoluted 4000 
4 62 10.55 430 deconvoluted 3800 
5 62 9.50 430 deconvoluted 1500 
6 62 9.50 430 3.53 X lQ-1 1153 
7 87 8.67 430 1.43 X lQ-1 422 
8 62 8.40 430 2.84 X lQ-2 229 
9 178 8.20 390 2.65 X lQ-2 74.4 
10 178 8.20 430 2.45 X 10-2 68.5 
11 89.0 8.20 430 1.21 X lQ-2 68.0 
12 44.5 8.20 430 6.25 X lQ-3 70.0 
13 56 8.05 390 3.82 X lQ-3 34.1 
In Table 5.6 reactions 9 to 12 illustrate the second order dependence on Ru(IlI) 
concentration. The buffer concentration in all the above experiments was 0.010 M. 
A series of experiments in which the buffer concentration was varied (pH = 8.23, 
[buffer] = 0.005, 0.020, and 0.100 M, ionic strength = 1.0 M) showed no dependence of 
ko on the buffer concentration . 
If the mechanism for the disproportionation of [Ruill(tame)i]3+ was the same as the 
proposed mechanism for [Ruill(sar)J3+ (Scheme 3.1) then (provided the back reaction is 
negligible) the differential rate law for the formation of the Ru(IV) species would be of 
the form 
-d[Ru(III),0 1a1] 
dt = 
kctK a[H+] [Ru(III),ou1] 2 
(Ka+ [H+])2 
and the observed rate constant is 
kobs 
= _k<I......_K.,.,,a[_H_+],....._ 
(Ka+ [H+])2 
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For this rate law, the observed rate constant would be at a maximum when the 
concentration of the protonated and deprotonated forms was equal. If this was the only 
term in the rate law then the observed rate should decrease on either side of the pKa of 
[RulII(tame)i]3+. Clearly it does not. It is proposed that the limiting rate at high pH 
arises from the disproportionation of two deprotonated forms of the Ru(Ill) complex as 
shown 
k' 
2 [Ruill(tame)2-H+]2+ --d-+ [Rull(tame)2]2+ + [RuIY(tame)2-2H+]2+ 
---
This equilibrium favours the products since [RuIY(tame)2-2H+]2+ is not likely to be a 
strong enough oxidant to oxidise [Ruil(tame)2]2+ to [Ruill(tame)2]3+. Keene er af.14 
speculated that a disproportionation process was possible between two singly 
deprotonated ruthenium(Ill)-amine complexes, but the lack of a suitable oxidant 
prevented them from investigating this possibility further. If only the forward reaction 
was occurring (i.e. if the back reaction was negligible) then the differential rate law for 
the formation of the Ru(IV) species would have the form 
= 
k'ctK a2[Ru(I1I),"'.J2 
(Ka+ [H+])2 
and the observed rate constant would be 
kobs = (Ka + [H+])2 
In the limit, when Km>> [H+], kobs = k'ct. This accounts for the high pH limit . The 
proposed model for the overall process is given in Scheme 5.2. Clearly the model 
requires a two-term rate law to accommodate the observed data and providing the back 
reactions are negligible, the differential rate law is 
-d[Ru(IV)IOU,J 
dt 
= (kctK a[H+l + k'ctK a2) [Ru(III),ot,il 2 
(Ka+ [H+])2 
Scheme 5.4 
The overall reaction is 
[RuIIl(tame)2]3+ 
The reaction scheme starting from IV state is-
K1v 
[RuII(imtame)(tame)]2+ 
[RulY(tame)2-H+]3+ ~ [RulY(tame)2-2H+)2+ + H+ 
When pH> pKIV 
[RulY (tame)2-2H+]2+ [RuII(imtame )(tame) ]2+ 
when pH < pK1v 
[RulY(tame)2-H+]3+ 
For the III state 
when pH > pK rn 
k2 im 2+ 
---- [RuII(imtame)(tame)] + H+ 
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k' 
2 [RuIIl(tame)2-H+]2+ __ d ...... [Rull(tame)2]2+ + [RulY(tame)2-2H+]2+ 
when pK1v <pH< pKrn 
[RuIIl(tame)2]3+ + [RuIIl(tame)2-H+]2+ kd 
[Rull(tame)2]2+ + [RulY(tame)2-2H+]2+ + H+ 
when pH < pKrv 
kd 
[RuIIl(tame)2]3+ + [RuIIl(tame)2-H+]2+ ~ 
k.d 
[Rull(tame)2]2+ + [RulY(tame)2-H+]3+ 
The observed rate constant would now be 
kobs = 
(kdK a[H+] + k'dK a2) 
(Ka + [H+])2 
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A least squares fit for the observed rate constants to this equation is shown in Figure 5.30 
giving values 
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Figure 5.30 
kd = (3000 ± 100) M-1 s-1, 
k'd = (4000 ± 100) M-1 s-1 
Ka = (2.5 ± 0.5)x lQ-10 M. 
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A plot of the second order rate constants as a function of pH 
(I= 25 °C, ionic strength = 0.1 M). 
The value of the pKa is in reasonable agreement with the value determined from the 
spectrophotometric titration, so the disproportionation can occur from two deprotonated 
Ru(ill) ions as well as between a protonated and a deprotonated Ru(ffi) ion and the rate 
constants for both pathways have similar values. 
5.11 Conclusions 
The investigations of this chapter have shown that the spectroscopy, redox properties and 
electron transfer rate of [Ruil(tame)2]2+and [Ruill(tame)2]3+ are similar to those of other 
ruthenium-amines. However, from the measurement of the rate of oxidation of the 
Ru(IV) species to [Rull(imtame)(tame)]2+ it is evident that there are two fonns of Ru(IV) 
involved in this process. Depending on the pH, the oxidation can occur from either 
I 
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[RuIY(tame)2-H+]3+ or [RuIY(tame)2-2H+]2+. The increase in the rate as the solutions 
become more acidic simply arises since [RuIY (tame)2-H+]3+ is a much stronger oxidant 
than [RuIY(tame)2-2H+]2+. This conclusion is in contrast to the work of Bernhard on 
[RuIY(sar)-H+]3+ where an increase in rate of oxidation as the pH decreases was 
attributed to an acid catalysed process. In fact it arises simply because the singly 
deprotonated complex oxidises the ligand faster than the doubly deprotonated form. The 
determination of the disproportionation constant of [Ruill(tame)2]3+ has extended the 
mechanism for the oxidation of ruthenium(III)-amines to include a term involving the 
V 
disproportionation of two deprotonated Ru(ill)-amines as well as the one invoking a 
deprotonated and a protonated Ru(ill)-amine. 
I 
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CHAPTER SIX 
The Reactivity of 
Tris(l,2-diaminoethane)Ruthenium(IV /III/II) 
' • 
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6. 1 Introduction 
Publications associated with the chemistry of [Ru(en)3]3+/2+ have, to say the least, 
caused much controversy. As discussed in Chapter 1, the oxidation product of 
[Ruill(en)3]3-r was originally incorrectly identified as a deprotonated Ru(VI) ion l but was 
later shown to be a ruthenium(II)-diimine-:2' The diimine has a characteristic absorption at 
448 nm and a molar absorptivity of 7000 ± 200 M-1 cm-1 .14 
The determination of various properties associated with the ruthenium-amine chemistry 
have not been consistent. Several values for the molar absorptivity of [Ruill(en)3]3+ have 
been presented3-8, while two different values for the electron self-exchange rate constant 
have been published.4,8 The value determined by Beanie and Smolenears8 for the 
electron self-exchange rate constant of 3.1 x 104 M-1 s· l (T = 298 K, ionic strength = 
0.75 M) is consistent with the observed small change in the Ru-N bond length. The 
reported values for the RulLN and Ruill-N bond lengths were 2.132(3) A and 2. 11 (2) A 
respectively.9,10 However, the relatively large uncertainty in the Ruill-N bond length 
change 
(0.02 A, R == 10%) compared to that for RulLN (0.003 A) clouds the in bond lengths on 
/\ 
electron transfer. To resolve this problem it was decided to redetermine the structure of 
[Ruill(en)3]3+ in another crystal. 
The rapid formation of imines observed in the ruthenium-sar system occurs exclusively in 
the cap of the cage and not in the five-membered chelate ring despite the possible stability 
arising from a conjugated di-imine in the ethylenediamine fragment. It was therefore 
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relevant to understand such selectivity, so the details of the oxidation of ethylenediamine 
in [Ruill(en)3]3+ were investigated. 
6. 2 Syntheses 
6. 2 .1 Tris(l,2-ethanediamine)ruthenium(II) tetrachlorozincate, 
[Ru(en)J][ZnCl4] 
The synthetic method follows that reponed by Lever et aJ.12 and modified by 
Smolenaers.7 Hydrated ruthenium trichloride (2 g, - 7.6 mmol) was dissolved in 30 ml 
of a 25% ethylenediamine solution. This solution was then saturated with argon. The 
solution was refluxed and small amounts of zinc dust were added to the reaction flask 
over one hour (total amount of Zn added did not exceed 1 g). Reflux was continued for 
a funher 30 minutes. The hot solution was filtered by Schlenk techniques, the mixture 
was cooled in ice and ice-cold argon-saturated H2ZnC4 (2 g of ZnCl2 in 20 ml of 
concentrated HCl) was added until the solution had a pH of 2. The resulting yellow-
brown precipitate was collected by Schlenk techniques and washed with cold argon-
saturated ethanol (- 100 ml). This complex was recrystallized by dissolving it in 0.001 
M HCl and adding acetone to precipitate a white material which was then recovered and 
washed with diethyl ether. Yield 2.5 g, 67%. 
Anal. for [Ru(C2HgN2)3][ZnCL4]:Calcd. (found): C, 14.75 (14.7); H, 4.95 (4.9); 
N, 17.20 (17.1); Cl, 29.03 (28.8); Zn, 13.38 (13.6). 
lH NMR o (D20): 2.63 (d, 6H, CH2, J = 8.6 Hz), 2.40 (d, 6H, CH2, J = 8.8 Hz). 
13C NMR o (020): 44.95 (CH2).7 
6.2.2 Tris(l,2-ethanediamine)ruthenium(III) chloride 
tetrachlorozincate, [Ru(en)J][ZnCl4] CI 
(NH4)2Ce(N03)6 (0.56 g, 1.02 mmol) was dissolved in a small amount of 1 M HCl04. 
This solution was saturated with argon and added to [Ru(en)3][ZnC4] (0.50 g, 1.02 
mmol). The resulting slurry was stirred overnight The pale yellow precipitate was 
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recovered by filtration, and was recrystalliz.ed from a small amount of 1 M HCl. The 
yellow prismatic crystals that formed were recovered by filtration, washed with a small 
amount of ice cold ethanol and dried under vacuum. These crystals were of a suitable 
quality for an X-ray crystal structure analysis. 
Anal. for [Ru(C2HsN2)3][ZnC4]Cl.2H20: Calcd. (found): C, 12.87 (13.2); H, 5.04 
(5.2); N, 15.01 (14.8); Cl, 31.65 (31.5); Zn, 11.67 (11.8); Ru 18.05 (18.2). 
6, 2, 3 (2-Amino- l-ethaneimine)bis(ethane-1,2-diamine)ruthenium(II) 
iodide, [Ru(imen)(enh]I2 
Na3[Fe(CN)6]H20 (12 mg, 0.04 mrnol) was dissolved in a solution of argon-saturated 
NaOH (6 ml, 0.1 M). This solution was then added to an argon-saturated solution of 
[Ru(en)3][ZnC4]Cl (20 mg, 0.04 mrnol) in water (2 ml). After 1 minute NaI (0.6 g) was 
added to the yellow solution which was then cooled to 5 °C overnight, during which time 
yellow needles grew. The complex was recovered by filtration, washed with cold ethanol 
(2 x 5 ml) and dried under vacuum. 
Anal. for [Ru(C6H22N6)]I2: Calcd. (found): C, 13.52 (13.6); H, 4.16 (4.2); N, 15.76 
(15.2), I, 47.60 (48.1). 
6.2.4 (Ethane-1,2-dii mine) bis( ethane-1,2-diamine) ruthenium(II), 
[Ru(diimen)(enhl2 + 
[Ru(diimen)(en)2]2+ was generated in situ by aerial oxidation of basic solutions of 
[Ruill(en)3]3+. 
6.3 Physical Properties 
6.3.1 Absorption Spectra 
The absorption specrra of (Rull(en)3]2+, [Ruill(en)3] 3+, [Run(en)2(imen)]2+ and 
[Run(diim)(en)2]2+ are shown in Figure 6.1. The spectrum of [Rull(en)3]2+ exhibits 
bands at 370 and 302 nm. The literarure values for the molar absorptivities of these 
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bands varies greatly. Schmidtke and Ganhoft3 reponed the spectral parameters as "-max 
= 370 nm (Emax = 40 M-1 cm-1) and A.max= 301 nm (Emax = 91 M-1 cm-1). Meyer and 
Taube4 found that the E value of the band at 370 run was not reproducible and reported 
values ranging from 120 to 500 M-1 cm-I; repeated recrystallization of their sample gave 
the lower value. This lower value was also confirmed by reduction of [Ruill(en)3]3+ with 
Zn/Hg amalgam. Their value for the E of the high energy transition was 1020 M-1 cm-I. 
For the low energy band a value of 120 M-1 cm-I has frequently been reponed,5-8 but 
there is one report that after repeated recrystallizations this band completely disappears.6 
The current investigation also found a significant variation in the value of the molar 
absorptivity of the 370 nm band (85 - 390 M-1 cm-1). Repeated measurements did not 
produce a consistent value and although the value of the 120 M-1 cm-I for the molar 
absorptivity of the 370 nm band has been accepted in review articlesl3 it must be treated 
with some caution due to its lack of reproducibility . This work will show chat the "-max 
of the mono-imine occurs at - 370 nm and trace contamination from this source may be 
the problem. The Ru-imine may well be isomorphous with the Ru-amine so it is possible 
that the imine complex could not be separated readily from the amine complex by repeated 
recrystallizations. 
Despite these difficulties, the intensity of the high energy band implies that it has charge 
transfer character.5 The assignment of the low energy band is a more complex problem, 
but some authors have assigned this band to a transition of IA1g~IT1g origin.3, 5 
In contrast to the Ru(m case, the reported values for the specoum of [Ruill(en)3]3+ are 
quite consistent The specoum exhibits a band at 310 nm for which the E has consistently 
been determined as 360 M-1 cm-1.4-9 This band has been assigned to a d-d rr:insition5 but 
its intensity implies some charge transfer character. However, the CD specaum5 shows 
at least two transitions of opposite sign, possibly of A and E symmetry, arising from the 
2T state split in a D3 field, which implies that they are indeed d-d transitions. 
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The monoimine complex [Ru(en)i(imen))2+ has a A.max= 375 nm and Emax = 3800 M· l 
cm· 1. The magnitude of this molar absorptivity for the lig ~ 1t* metal to ligand charge 
transfer is consistent with values reponed for other mono-imine complexes.5, 14 If 2% of 
this species were contaminating [Ruil(en)3]2+, this would conoibute - 80 M·l cm·l to the 
molar absorptivity at 370 nm and could account for the observed variation in this value. 
The di-imine [Rull(diim)(en)2.]2+ has a absorption maximum at 448 nm with E = 7000 ± 
200.1, 6 The determination from this work is in agreement with this value. This appears 
to be a lig ~ 1t* metal to ligand charge transfer transition.5 
6.3.2 lff and 13C NMR Spectra 
The lH NMR spectrum of [Rulli(en)3]2+ consists of two sets of doublets which have 
been analysed as an AA'BB' system. The chemical shifts are 2.40 and 2.63 ppm and the 
geminal coupling is 9 Hz, which is consistent with the literature values.14 The 13C NMR 
spectrum has a signal at 44.95 ppm which highlights the D3 symmerry of the molecule. 
This is also consistent with the literature value. 8 
The [Rull(diim)(en)2.]2+ ion was generated in situ by dissolving a sample of 
[Ru(en)3]ZnC4Cl, (10 mg) in NaOD (0.6 ml, 0.1 M), and exposing it to air overnight. 
The 13C and lH NMR spectra are shown in Figure 6.2. The lH NMR spectrum shows 
several multiplets in the region 2.0 to 3.5 ppm, which are too complex to separate and 
assign. A singlet at 8.50 ppm is assigned to the proton attached to the imine carbon, 
which is consistent with that reported by Lane er af .2 The 13C NMR spectrum is much 
simpler to interpret There are signals at 44.4, 44.6 and 165.5 ppm, reflecting the C2 
symmerry of the complex. The low field signal at 165.5 ppm is from the methine carbon 
of the imine bond. The remaining two signals are from the methylene carbons. 
Figure 6.2 
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6.3.3 Electrochemistry of the Ruthenium-ethylenendiamine System 
The redox potential for the [Ru(en)3]3+/2+ couple is 0.15 V (vs NHE, t = 25 °C in 0.01 
M CF3S03HJ which is in agreement with the earlier published result of Meyer.4 The 
cyclic voltammogram is shown in Figure 6.3. 
Figure 6.3 
applied potential 0/) 
The reversible [Ru(en)J] 3+/2+ couple in 0.10 M CF3S03H 
(Au electrode, scan rate 20 mV s·l, t = 25 °C). 
6.3.4 The Electron Self-exchange Rate Constant of [Ru(en))]3 +12 + 
The electron self-exchange rate constant for [Ru(en)3]3+/2+ was originally measured by 
Meyer and Taube4 who reported an upper limit of 2 x 102 M-1 s·l at 25 °C with the ionic 
strength at 0.013 M. However, they encountered some unexplained catalytic effects 
which accelerated the observed rate at certain concentrations. Elsbemd and Beattie5 later 
tried to measure the rate constant by rapidly mixing the two enantiomers in a 
spectropolarimeter, but the rate was too fast to measure. This implied the rate constant 
was larger than 1000 M-1 s·l, which was in direct conflict with the earlier value. The 
uncertainty was resolved by Beattie and Smolenaers with a direct measurement of the 
self-exchange rate by 13C NMR line broadening techniques8,9 which yielded a rate 
constant of 3.1 x 104 M-1 s·l (ionic strength = 0.75 M, T = 298 K). 
6.3.5 Crystal Structures of the [Rull(en)J] 2+ and [RuIIl(en)J]3+ 
cations. 
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The large uncertainty of the Ru-N bond length (2.11 (2) A) for [Ruill(en)3]3+ in the 
original work of Stanko and PeresielO prompted a reinvestigation of this complex. The 
large uncertainity arose from disorder problems and doubt regarding the degree of 
hydration of the crystal, with the possibility that either three or four water molecules 
could be present in the lattice. The final R factor was = 10% and it was anticipated that in 
a different lattice this could be significantly improved. There were good indications from 
the microanalysis of [Ruill(en)3][ZnC4]Cl.2H20 that the degree of hydration in this 
lattice was constant and this would therefore be a more favourable crystal to examine. 
The X-ray crystallographic analysis of [Ruill(en)3][ZnC4]Cl.2H20 was performed at 
100 K. The unit cell has C1 symmetry and contains 4 molecules per unit cell. The final 
R factor of 3% represents a significant improvement in the general accuracy of the 
structure. A summary of the crystal data is given in Table 6.1. The configuration of 
[Ruill(en)3][ZnC4]Cl.2H20 is 75% tel3 and 25% lel2ob. l6 The average bond distances 
and angles for the le/3 configuration of [Ruill(en)3]3+ are given in Table 6.2 together with 
the values for [Rull(en)3]ZnC4 from Smolenears et al.9 For the le/3 form of 
[Ruill(en)3]3+ the average Ruill-N distance is 2.106(6). The uncertainty of this distance 
is significantly smaller than the original value 10. For the lel2ob conformation the average 
bond distances are equal to the values for le/3 within the experimental uncertainty so they 
do not alter the average bond lengths for this conformation. The ORTEP diagram of the 
cation is shown in Figure 6.4. 
Table 6.2 A comparison of the bond distances and angles for 
[Ruill(en)3][ZnC4]Cl.2H20, from this work with those of 
[Rull(en)3][ZnC4] from Smolenears et a/.9 
Average bond distances (A) 
Ru - N 2.106 (6) 
N-C 
C-C 
Average bond angles (0 ) 
N - Ru - C 
N - Ru - Nl 
N - Ru NII 
N - Ru - Nill 
Ru - N - C 
N-C-C 
Torsion angles (0 ) 
N-C-C-N 
Ru - N - C- C 
1.498 (9) 
1.505 (8) 
93.9 (8) 
81.8 (2) 
90.7 (16) 
173. 9 (11) 
108.8 (5) 
107.8 (6) 
55.1 (9) 
-41.5 (27) 
[Rull(en)3]2+ 
le/3 
2.131 (13) 
1.476(17) 
1.504(13) 
94.3(10) 
81.5(7) 
90.2(10) 
170.0(4) 
108.4(13) 
110.0(15) 
(the numbering scheme used for the above table). 
154 
Table 6.1 Crystallographic Data for [Ru(en)3][ZnC4]Cl.2H20 
at 100 K. 
Formula 
Formula weight 
Space group 
z 
F(OOO) 
Temperature, K 
a.A 
b,A 
c,A 
p, 0 
V A3 
' 
Peale gcm-3 
e limits, 0 
Scan width, 0 
Mode 
H,K,L (min, max) 
µ, cm-1 
Min. transmission 
Max. transmission 
Reflections measured 
Unique reflections 
Analysed reflections 
Fo > 6cr(Fo) 
No. of parameters 
R(F), % 
RuZnCl5QiN6~28 
560.0 
P21/n No. 14 
4 
1124 
100 K 
9.83 (1) 
14.246 (5) 
14.34 (1) 
97.62 (5) 
1990 (3) 
1.87 
0-27 
1.35 + 0.35*TAN(8) 
(!)-mode variable scanspeed 
-12--+12,0-+18,0-+18 
20.4 
93.8% 
100.0% 
4681 
4213 
3785 
194 
3.0 
Rw(F), % 3.1 
GOF 10.4 
Weighting function { cr(Fo)2} -1 
Residual electron density eA-3 
Min. -0.76 (Ru) 
Max. 0.75 
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Figure 6.4 The ORTEP diagram of the cation in the crystal structures of the lel3 
conformation of [Ruill(en)3J[ZnCl4JCI.2H20, the thermal ellipsoids have 
been drawn to include 50 % of the probability distribution. 
The difference between the average RulLN and RulILN bond distances in these two 
molecules is 0.025 A which is less than four times the standard deviation. This does not 
represent a significant change in bond length upon reduction. For these two cations the 
non-metal bond lengths and the non-metal bond angles are essentially the same so that the 
geometry of the ligand is the same for the /e/3 conformation in both oxidation states. 
A comparison of [Ruill(en)3]3+ with the corresponding fragment in [RuTIT(sar)J3+ reveals 
that the non-metal bond lengths and non-metal bond angles are similar, however the twist 
and bite angles are different. In [Rulll(sar)J3+ the twist angle is 48.8(2) 0 and the bite 
angle is 83.6(2) 0 , while in the /e/3 conformation of [Rulll(en)3]3+ these angles are -53 ° 
and 81.9(2) 0 respectively. To superimpose the geometry of the (Rum(en)3]3+ ion on the 
equivalent part of (Ruill(sar)]3+ involves a decrease of - 4 ° in the twist angle and an 
increase the bite angle of - 2 °. The three ethylenediamine ligands must twist towards the 
eclipsed position about the C3 axis of the ion. Although the metal-nitrogen bond distance 
is larger for [RulII(en)3J3+ than for (Ruill(sar)J3+ the similarity of the non-metal bond 
lengths and angles indicate that [RuIII(en)3]3+ is a good model for the [RuIII(en)3] 
fragment in [RuIII(sar)]3+. 
6.4 Characterization of [Rulll(en)J-H+]2+ 
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By a similar method to that used for the characterization of [RuIII(tarne)2-H+]2+ (Chapter 
5) a series of experiments was carried out, using the stopped-flow spectrophotometer to 
generate the deprotonated ion and measure its absorbance as a function of wavelength. 
Solutions of [RuIII(en)3]3+ were mixed with NaOH solutions and traces recorded for 0.1 
s. These traces were recorded between 350-700 nm. Each trace was extrapolated back to 
zero time and the plot of absorbance versus wavelength is shown in Figure 6.5 (the 
concentration of [RuIII(en)3]3+ was 150 µM). [RuIIl(en)-H+]2+ has its Amax at 430 nm 
and the molar absorptivity at this point is 3100 ± 100 M-1 cm- I (ionic strength = 0.10 M, 
t = 25.0 °C). As was the case for the [Ruill(tame)2-H+]2+ system, interference from the 
disproportionation reaction was negligible on the millisecond time scale. 
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Figure 6.5 The absorption specaum of [RuIII(en)3-H+]2+ in 0.045 MOH· 
(5 ms after preparation) 
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6.5 The Acidity Constant for [RuI1I(en)J] 3 + 
A series of experiments was performed where the initial absorbance ( < 5 ms after 
injection) of_[Rulll(en)3]3+ was measured as a function of pH at 410 nm (the established 
Amax of [Rulll(en)3-H+]2+). The absorbance at 5 ms was measured in the same way as in 
the spectral characterization of [Rulll(en)3-H+]2+. The titration curve is shown in Figure 
6.6. By following the method outlined in the experimental section, the pK3 was 
determined as 10.4 ± 0.1 (ionic strength= 0.10 M, t = 25.0 °C). This value is very 
similar to that found for the [Rulll(tame)2]3+ ion (pK3 = 10.3) and much higher than that 
for [Rulll(sar)]3+ (pK3 = 6.3). 
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The titration curve for the determination of the acidity constant of 
[Ruffi(en)3]3+ (ionic strength = 0.1 M, t = 25.0 °C). 
6. 6 Characterization of [Ru1Y(en)J-2H•] 2 + 
JO~ 
[RulY(en)3-2H+]2+ was generated by the same method as was used for the preparation of 
[RulY(tame)2-2H+]2+ (Chapter 5). 
[Rurn(en)3] 3+ + [Os(CN)6]3· [RulY(en)3 -2H+f+ + [Os(CN)6J4• + 2H+ 
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The absorbance spectrum of the [RuIY(en)3-2H+]2+ species is shown in Figure 6.7. The 
[Os(CN)6]4- does not contribute significantly to the absorbance under the conditions of 
the experiment. The molar absorptivity for [RuIY(en)3-2H+]2+ was determined as 4100 ± 
100 M-1 cm-I at the Amax of 420 nm (ionic strength= 0.10 M, T = 25.0 °C). This molar 
absorptivity is approximately half that obtained for the [RuIY(tame)2-2H+]2+ and 
[RuIY(sar)-2H+]2+ ions. 
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The absorption spectrum of [RuIY(en)3-2H+]2+ 
(5 ms after preparation). 
6. 7 Reactions of [RuIII(en))] 3+. 
600 
It has long been established that basic solutions of [Ruil(en)3] 2+ and [Ruill(en)3]3+ when 
exposed to air produce the yellow [Ruil(diim)(en)2.]2+ complex (Amax= 448 nm, Emax = 
6900 M-1 cm-1). Partial oxidation (presumably to a mono-imine species) can also occur 
in the absence of air and this reaction has now been examined in more detail. The 
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reaction was followed spectrophotometrically, taking the necessary precautions to avoid 
Oi oxidation (see Chapter 2 for details). A solution of [Ruffi(en)3]3+ was mixed with a 
NaOH solution ([OH·] = 0.045 M) and the spectrum of the reaction mixture was recorded 
every five seconds. The spectra for the first 20 seconds are shown in Figure 6.8. The 
band which initially appears at 420 nm decays in the first five seconds and a new band 
grows at 370 nm. This band has been attributed to formation of the mono-imine. When 
this sample was exposed to air overnight the band at 370 nm decayed and a new band 
appeared at 448 nm (see Figure 6.9). The isosbestic point for the second reaction 
implies that the conversion of the mono-imine to the di-imine occurs without the 
involvement of an intermediate. These two sets of spectra establish that the stepwise 
oxidation involved rapid formation of the mono-imine, followed by the slower formation 
of the di-imine. 
Examining the formation of the mono-imine funher (Figure 6.8), it is clear that this is 
similar to the Ru-tame oxidation panern. During the first 20 seconds there is no 
isosbesric point so the reaction is not simply the direct conversion of [RuIV(en)3-2H+)2+ 
to [Rull(en)2(imen)]2+. Spectrum (a) has a maximum at 420 nm, where [RuIV(en)3-
2H+]2+ is expected to absorb. Similarly, spectrum (b) has a maximum at 370 nm, the 
wavelength where the mono-imine is expected to absorb, but its bandwidth and shape 
also suggest that the reaction mixture contains something other than solely the mono-
imine at this time. The molar absorptivity of the band in spectrum (c) is approximately 
3200 M·l cm·l. This value is close to those for the mono-imine complexes 
[Rull(imsar)]2+ and [RuII(imtame)(tame)]2+, which makes it likely that at this stage the 
reaction is close to the end of the formation of the mono-imine . 
The first experiment was repeated in the stopped flow spectrophotometer. The 
concentrations of species after mixing were [Ruill(en)3]3+ = 150 µMand [OH·]= 
0.0045 M. The kinetic trace at 420 nm is shown in Figure 6.10. The initial absorbance 
arises largely from [RuIY(en)3-2H+)2+ which is formed very quickly and decays over 10 
seconds. This trace does not fit either first or second order kinetics. 
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wavelength (nm) 
The absorption spectra of a reaction mixture of [Rum(en))]3+ (129 µM) 
in a NaOH solution (0.0045 M) recorded at five second intervals. 
~ .. .. .. ~ .. .. ... ., 
wavelength (nm) 
The absorption spectra for the oxidation of [Ru"(en)i(imen)J2+ to 
[Rull(diim)(en)i]2+ recorded at 5 minute intervals after the completion 
of the formation of [Rufl(en)i(imen))2+ (initial concentration of 
[RulrI (en)J] 3+ was 381 µM). 
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The kinetic trace of the reaction mixture of [Rulll(en))J3+ in base 
recorded at 420 nm (concentrations after mixing are 106 µMand 
0.0045 M respectively). 
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An explanation for the complex kinetic trace is that it is similar to the Ru-tame system and 
the disproportionation reaction 
is occurring over a similar time as the oxidation of [RufV(en)3-2H+]2+ to 
[Ruil(enh(imen)f+. This would also account for the lack of an isosbestic point in Figure 
6.8 and why the kinetic trace at 420 nm does not fit either first or second order kinetics. 
Re-examining the first experiment, (Figure 6.8) spectrum (a) results from a mixture of 
[RuIIl(en)3-H+]2+, [RufV(en)3-2H"+)2+ and some [Rull(enh(imen)]2+. Spectrum (b) is a 
combination of all three ions too, but is dominated by the buildup of [RuIT(en)2(imen)J2+. 
In order to simplify the reaction of [RulII(en)3 ]3+ with base, [Ru1Y(en)3-2H+] 2+ was 
generated directly and quantitatively in the time of mixing using [Os(CN)6] 3·. The two 
electron intramolecular oxidation of [RufV(en)3-2H+)2+ to form [Run(en)2(imen)J2+ can 
be readily followed. The rate of decay of this species is first order and therefore the rate 
constant is independent of the initial concentration of reactants. The decay of the trace at 
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420 nm is shown in Figure 6.11 and the rate constant for this oxidation was detennined 
to be 3.1 ± 0.1 s-1. 
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Figure 6.11 The kinetic trace for a mixture of [Ruill(en)3J3+ (90 µM) and 
[Os(CN)6J3- (127 µM) (T = 25.0 °C, ionic strength= 0.1 M). 
6. 8 The pH dependence of the Oxidation Rate of 
[Ru IV ( en)J-2 H + ] 2 + /[Ru IV ( enb-H + ] 3 +. 
1.0 
The rate of oxidation of [RurY(en)3-xH+]<4-x}+ was also measured as a function of pH. 
[Os(CN)6]3- was used as the oxidant as before and this reaction was followed at 420 nm 
where the decay of [RulY(en)3-xH+]<4-x)+ was first order. A summary of the 
experimental conditions is given in Table 6.4. 
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Table 6.4 Values of kim for various oxidants 
[RulY(en)3-2H+]2+ kim [Ruil(en)2(imen)]2+ 
Reaction [RuIIl(en)3]3+ [Os(CN)63-] pH kim 
No. (µM) (µM) (s-1) 
1 112 Di 12.7 1.0 
2 90 127 11.6 3.1 
3 100 150 10.8 20 
4 97 100 10.2 39 
5 100 104 9.6 74 
6 74 179 9.3 149 
7 74 150 8.8 351 
8 74 114 8.4 480 
9 100 300 8.2 512 
10 100 287 7 .5 554 
These results are similar to those obtained for the Ru-tame system (Chapter 5). 
The observed rate constant approaches a lower limit at high pH and an upper limit at low 
pH. The fit of the experimental data to this pH dependant behaviour is shown in Figure 
6.12. In a similar manner to the Ru(IV)-tarne reactions, this data has been interpreted as 
arising from two forms of the Ru(IV) intermediate both of which undergo oxidation. The 
distinction is that one is singly deprotonated and the other is doubly deprotonated. The 
former, with the higher positive charge, is a better oxidant than the latter. Tts reduction 
potential is approximately 1 volt more than that for [Ru TV (en)3-2H+]2+. The reaction 
sequence is outlined in the following scheme. 
The reaction sequence is shown below: 
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When pH > pK rv 
[Rull(en)i(imen)]2+ 
when pH < pK1v 
[RuII(en)i(imen)]2+ + H+ 
This scheme leads to the differential rate law for the decay of the total ruthenium(TV) 
concentration as 
where 
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-d[Ru1Y]t = (ktKrv + k2[H+]) [RuIYJt 
dt (Krv + [H+]) 
Krv = the second Ka for [RuIY(en)3]4+ 
[RuIY]t = the total concentration of Ru IV 
kt= the rate constant for the oxidation of [RuIY(en)3-2H+)2+ 
k2 = the rate constant for the oxidation of [RuIY(en)3-H+J3+ 
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Figure 6.12 A plot of kim as a function of pH for the oxidations of 
[RulV(en)3-2H+]2+ and [RulV(en)3-H+]3+ 
([ = 25.0 °C, ionic strength = 0.1 M). 
I .. 
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From a least-squares fit of k1, k2 and Krv to the above data (Figure 6.11), the following 
values are obtained 
k1 = (1.0 ± 0.4) s-1 
k2 = (577 ± 10) s-1 
pK1v = (8.95 ± 0.2) M. 
Even though the oxidation to the imine is proton coupled for [RuIY(en)3-H+]3+, it is the 
large difference in redox potentials that helps drive the reaction to the product 
[R1)1(en)2(imen)]2+. Since [RuIIl(en)3]3+ is a better oxidant than [RuIIl(tame)z]3+ it 
follows that [RuIY(en)3-H+]3+ is likely to be a better oxidant than [RuIY(tame)i-H+]3+. 
This accounts for the faster oxidation of [RuIY(en)3-H+J3+ than [RuIY(tame)z-H+]3+. 
6. 9 The rate of disproportionation of [RuIII(en)3] 3+. 
Because of the reactivity pattern of [RuIIl(sar)]3+ and [RuIIl(tame)z]3+ in basic solutions, 
it was expected that [Ruill(en)3]3+ would disproportionate to [RuII(en)3]2+ and 
[RuIY(en)3-2H+]2+ and that the latter would proceed to the imine. From the earlier 
spectrophotometeric experiment it can be calculated that half a mole of the monoimine 
complex forms per mole of Ru(IIl). It is clear that the mono-imine complex forms after 
disproportionation of the Ru(III) species. A kinetic trace (Figure 6.13) of 
[RuIIl(en)3]3+ in a basic solution ([Ru(ill)] = 150 µMand [OH-J = 0.0495 M, (ionic 
strength= 0.10 Mandt= 25.0 °C) shows that the reaction does not obey either first or 
second order kinetics. This behaviour was also similar to that of [Ruill(tame)z]3+ at this 
pH. It was deduced therefore that the rate of disproportionation of [Ruill(en)3-H+J2+ is in 
competition with the rate of oxidation of [RuIY(en)3-2H+]2+. To separate these two 
reactions and obtain their rate constants it was necessary to deconvolute this trace using 
the Runge-Kutta method (outlined in Chapter 2). Figure 6.13 shows a simulated trace 
superimposed on the experimental data for this experiment The parameters used to 
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generate the simulated data were those experimentally determined (except.(;}) with values 
as follows: 
[Ruill(en)3-H+]2+ E.420 = 3100 M·l cm·l. 
[Ru11(en)3]2+ E.420 == 0. 
[RulY(en)3-2H+]2+ £420 = 4100 M-1 cm·l 
the rate constant for the oxidation of [RuIY(en)3-2H+]2+ to 
[Ruill(en)3]3+ was 1.0 s·l. 
The value detennined for k(i was 4000 M·l s·l. The simulated trace was insensitive to 
large variations in the rate of comproportionation but very sensitive to minor changes in 
the rate of disproportionation so it would seem that the uncertainity for .(;i was not large. 
As was the case for [RuIIl(tame)i]3+ the disproportionation equilibrium lies very much in 
favour of the products. 
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Figure 6.13 The simulated trace for the reaction of [Ruill(en)3]3+ in 0.0495 MOH· 
superimposed on the kinetic trace; experimental data 00000 and calculated 
curve--. 
When this reaction was followed at pH 8.99, Figure 6.14, the trace obeyed second order 
kinetics 17 and a second order rate constant of 405 M - I s· 1 was obtained. It was not 
i 
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necessary to deconvolute the traces in the pH region below the pKa of [Ruill(en)3J3+. A 
summary of the values for the rate constant for the disproportionation reaction is given in 
Table 6.4. The reaction was not investigated below pH 7 since the rate at this stage had 
slowed to a similar value to that for the disproponionation of [Ruffi(tame)2]3+ and it was 
expected that similar difficulties would be experienced to those in the [Ruffi(tame)2.]3+ 
system. However, the values for the disproponionation rate constant in neutral to basic 
solutions were reproducible. 
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Figure 6.14 The kinetic trace of a reaction mixture of Ruill(en)3]3+ at pH 8.99. 
Table 6.4 The rate constants for the disproportionation of [Ruill(en)3]3+. 
Reaction [Ruill(en)/1 pH18 A kobs 17 k,;1 7 
No. (µM) (nm) (s·l) (M·l s·l) 
1 150 11.6 420 deconvolutcd 4000 
2 95 10.5 420 dccon vol utcd 3220 
3 144 9.6 420 0.28 1960 
4 74.4 8.99 420 6.03 X 10·2 405 
5 74.4 8.99 370 6.61 X 10·2 444 
6 144 8.40 370 7.72 X 10·2 268 
7 74.4 8.20 370 2.08 X J0-2 140 
8 144 8.03 370 5.20 X J0-2 181 
= - ·-
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The proposed mechanism for this reaction is similar to that for [Ruill(tame)i]3+ Chapter 5 
> ) 
and the overall Scheme is shown below 
For an overall reaction (assuming pKiv < pKm) 
[Rull( en)2(imen) ]2+ 
The reaction scheme staning with IV state is-
K,v 
[RulV(en)3-H+]3+ ~ [RulV(en)3-2H+]2+ + H+ 
When pH > pK IV 
when pH < pK1v 
[Ru1Y(en)3-H+]3+ 
For the ill state 
when pH> pKm 
klim "'+ 
---t [Rull(en)i(imen)J-
k2im 2+ 
-- [Rull(en)2(imen)] + H+ 
k' 
2 [RuIIl(en)3-H+]2+ --d --
when pK1v < pH < pK m 
[RuIIl(en)3]3+ + [RuIII(en)3-H+]2+ _k_d_ 
when pH < pK1v 
kd 
[Ruill(en)3]3+ + [Ruill(en)3-H+]2+ ~ 
k_d 
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Providing that the back reactions are negligible, the observed rate law for the formation of 
the Ru(IV) species is 
-d[Ru(III)'°uJ 
dt = 
(kctK a[H+J + k'ctK a2)[Ru(III),0u 1]2 
(Ka+ [H+J)2 
and the observed rate constant is 
kobs 
= (kctK 3 [H+] + k'dK 3 2) 
(Ka+ [H+J)2 
A least squares fit for the rate constants to this equation is shown in Figure 6.13 giving 
kd = (3900 ± 100) M-1 s·l 
k'd = (4000 ± 100) M-1 s-1 
Ka= (1.9 ± 0.2) x IQ-10 M. 
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Figure 6.13 A plot of the second order rate constants as a function of pH 
(t = 25 °C and ionic strength = 0.1 M). 
This value for the pK3 is in reasonable agreement with the value determined from the 
spectrophotometric titration. The disproportionation can thus occur between rwo 
deprotonated Ru(III) ions or from a protonated and a deprotonated Ru(ill) ion and the 
rate constants for both pathways have similar values. 
6.9 Conclusions 
The overall reactivity of [Ruill(en)3]3+ is quite similar to that of [Ruill(tame)i)3+. The 
electron self-exchange rates are of similar magnitude, the pKa's are the same within 
experimental error, the rates of disproportionation are the same despite the variation in the 
redox potentials, the disproportionation equilibria for both complexes in base lie very 
much in favour of the products, the deprotonation constants for the RuIV ions are similar, 
as are the rate constants for imine formation in both conditions and the crystal structures 
show little effect of Ru(U) or Ru(III) on the ligand structure. The higher pKa's of 
[Ruill(en)3]3+ and [Ruill(tame)2]3+, as compared to that of [Ruill(sar)]3+, contribute to 
the slower reaction of these complexes in acidic solutions. There is a very small 
concentration of the deprotonated form present so the disproportionation between one 
protonated form and a deprotonated form is very slow. The difference of 0.12 V between 
the Ru(IIVII) couples of [Ruill(en)3]3+ and [Ruffi(tame)2]3+ ions was expected to be 
reflected in the relative stability of the Ru(IV) state for these complexes. If this redox 
potential was the sole influence on the rates of disproportionation then there should be 
approximately a 100 fold difference in the rates of disproportionation. Since the rates are 
similar, some other factor must counterbalance this difference and this factor has not been 
identified precisely. Possibly it is due to the ease of generating the RulV=N moiety in the 
unstrained tame chelate relative to the slightly strained RuIY-en chelate. Also since the 
rates for the disproportionation reactions are similar for [Ruill(en)3]3+ and 
[Ruill(tame)2]3+, there are no inherent properties in the Ru-en or Ru-tame fragments 
which accounts for the rapid reaction of [Ruill(sar)]3+. There are no marked preferences 
in these cases for oxidation in the cap or the five-membered chelate ring fragments. 
Implicit in the results therefore is the requirement that the sar ligand itself generates the 
conditions for rapid oxidation. 
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CHAPTER SEVEN 
The Crystal Structures and Resistance to Oxidative 
Dehydrogenation of [RuII(tacn)2](CF3S03)2 and 
[Rul1I(tacn)2]Cb.SH20 
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7 .1 Introduction 
By contrast with the other Ru-amine complexes studied in this work [Ruill(tacn)2]3+ 
does not undergo oxidative dehydrogenation. Neutral solutions of [Ruffi(tacn)2]3+ are 
stable for days without any indication of any funher oxidation occurring, even when they 
are exposed to air. 
The factors which determine this inertness have been outlined previously by Bernhard. I 
The pKa of [Ruill(tacn)2]3+ must be orders of magnitude higher than that for 
[Ruill(sar)]3+, and the equilibrium for the disproportionation must lie very much in 
favour of the reactants. This unfavourable equilibrium arises from the considerable steric 
constraints placed on the formation of the rutheniwn(IV) species. The formation of a 
product with a similar structure to [RuIY(sar)-H+]3+ (as outlined in Chapter 1) would 
require the formation of a planar fragment as shown for maximum stability. 
C 
I 
Ru1v=N 
\ 
C 
This would require a significant distortion of the ligand geomerry. Such a distortion 
would raise the redox potential of the Ru(IV)/Ru(Ill) couple and this would drive the 
disproportionation equilibrium in favour of the reactants. The subsequent reaction of 
[RuIY(tacn)-H+]3+ to form an imine is unlikely to occur, as it would require planar 
geometry about the nitrogen centre as shown below. This would lead to severe 
distortion of the nine membered ligand. 
\ I 
C===N 
I \ 
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It seems the only feasible pathways to imine fonnation would be if one of the nitrogen 
donors of the ring was detached from the ruthenium centre or if the 9-membered ring 
was ruptured. 
The [Ru(tacn)i]3+/2+ electron transfer self-exchange rate is fast (k11 = 5 x 104 M-1 s-1), 
suggesting that there is probably only a small srructural difference between the two ions 
on electron transfer. To substantiate this, it was decided to carry out an X-ray srructural 
analysis of the [Ruill(tacn)i]3+ complex cation. The srructure of this cation is compared 
with that of [Ruil(cacn)2]2+ (obtained as the triflate salt).6 
7. 2 Syntheses 
7.2.1 1,4,7-T riazacyclononane ( tacn) 
Tacn.3HC1 (3.0 g, 0.013 mol), which had been prepared as previously described, I was 
dissolved in the minimum amount of methanol. A solution of Na OH ( 1.51 g, 
0.038 mol) in methanol (500 ml) was added and the mixture was stirred for two hours. 
The solution was taken to dryness and the remaining white solid extracted with hot 
benzene. The benzene solution was taken to dryness and the viscous oil that remained 
crystallized on standing. 
IH NMR 8 (CDCl3): 2.65 (s, 4H, CH2) and 1.77 (s, lH, NH).2 
13C NMR 8 (CDCl3): 46.92 (CH2). 
7.2.2 Bis( 1,4, 7-triazacyclononane)rutheni um(II) 
hexafluorophosphate, [Ru(tacnh](PF 6h· 
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This method follows that reported by Bernhard et al.3 (although, for large scale 
preparations the method of Wieghardr4 is preferred). [Ru(dmf)6](tosh (0.30 g, 0.34 
mmol) was added to a solution of tacn (0.110 g, 0.85 mmol) in freshly dried argon-
saturated propan-2-ol (5 ml). The solution was stirred until all the [Ru(dmf)6](tosh had 
dissolved. The reaction mixture was left for several days at O °C during which time a 
pale yellow product was deposited. The complex was recovered and washed with 
propan-2-ol (2 x 10 ml) and diethyl ether (2 x 20 ml). The tosylate salt was converted to 
the hexafluorophosphate (PF6-) salt by dissolving it in a small amount of argon-saturated 
water and adding NI-4PF6 (1 g). On cooling to 5 °C, a pale yellow material was 
deposited. The complex was recovered by filtration, washed with cold ethanol 
(2 x 10 ml) and vacuum dried overnight . Yield 70%. 
Anal. for [Ru(~15N3h](PF6h.2H20: Calcd. (found): C, 21.02 (20.8); H, 5.00 
(5.0); N, 12.26 (12.0). 
IH NMR 8 (D20): 2.68 (m, CH2). 
13C NMR 8(D20): 49.21 (CH2). 
7.2.3 Bis(l,4,7-triazacyclononane)ruthenium(III) perchlorate and 
bis(l,4,7-triazacyclononane)ruthenium(III) chloride 
pentahydrate, [Ru(tacn)i](CI04)J and [Ru(tacn)z]Cl3.SH20 
(Nl4)4Ce(S04)4.2H20 (48 mg) was dissolved in the minimum amount of IM HCI04. 
The solution was warmed and a white precipitate formed. This was centrifuged and the 
orange supernatant was decanted. This solution was added to [Ru(tacn)2] (PF6h 
(50 mg, 0.077 mmol) and wanned until all the [Ru(tacn)2](PF6h had dissolved. The 
crystals of [Ru(tacn)2](Cl04)3 that formed upon cooling, were recovered and vacuum 
dried overnight. Yield 65%. 
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Anal. for [Ru(~15N3)2](Cl04)}.H20: Calcd. (found): C, 21.33 (21.9); H, 4.77 
(4.6); N, 12.43 (11.8); Cl, 15.74 (15.8). 
The perchlorate salt was convened to the chloride by dissolving it in a small amount of 
water and adding an equal volume of concentrated HCl. Slow evaporation of this 
solution gave yellow prismatic crystals which were of a suitable quality for X-ray crystal 
structure analysis. 
Anal. for [Ru(C6H15N3)]CI3.5H20: Calcd. (found): C, 25.92 (25.9); H, 7.25 (7.4); N, 
15.12 (14.8). 
7. 3 Physical Properties 
The following properties below have been reported earlier.3,4 The current 
determinations were in agreement with those values and are presented here for the 
purpose of comparison with the other ruthenium-amine systems. 
7.3.1 Absorption spectra 
The absorption spectrum of [RulI(tacn)2]2+ consists of a weak ligand field band at 
355 nm (E = 60 M-1 cm-1) on the side of a CT band at 267 nm (E = 980 M-1 cm-I). 
The lower energy transition has been assigned to the lowest spin-allowed transition of 
I A1g-, IT lg parentage. The ligand field strength of 2.9 x 104 cm-I for this transition is 
the strongest field reported for a saturated ruthenium-amine complex. The higher energy 
transition may arise from charge transfer to the solvent as proposed for [Ruill(NH3)~2+ 
and [Rull(en)3]2+.5 
The absorption spectrum of [Ruill(tacn)2]3+ consists of bands at 375 nm 
(E = 330 M-1 cm-I) and 267 nm (E = 550 M-1 cm-I) which are more incense than the 
corresponding bands in other ruthenium(ill)-amine complexes. Since there are no 
accessible empty ligand orbitals at these energies, these bands have been assigned as 
ligand to metal charge transfer in origin. The spectra of both complexes are shown in 
Figure 7. 1. 
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Figure 7.1 The Absorption Spectra of (a) [RuII(tacn)i]2+ and 
(b) [RulII(tacn)i]3+ in 0.1 MCF3S03H 
7.3.2 1 H and 13C NMR Spectra of [RuII(tacn}i](PF 6) 
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The I H NMR spectrum in 0 20 consists of a complex multiplet at 2.7 ppm. The splitting 
of this signal arises predominantly from geminal coupling together with some small long-
range coupling, and this has been interpreted as an AA'BB' pattem.3 The 13C NMR 
spectrum has simply one signal at 49.2 ppm for all the methylene carbons. These spectra 
are consistent with a molecule that has 03 symmetry. 
7.3.3 Redox Properties 
The redox potential was measured and found to be in agreement with the earlier 
published values of Wieghardt3 and Bernhard.4 From the cyclic voltammogram 
(Figure 7.2) the redox potential was determined as 0.37 V (vs NHE. 0. 1 M CF3S03H). 
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This redox potential is the most positive so far reponed for complexes of saturated-
amines coordinated to ruthenium and is consistent with the strong ligand field deduced 
from the electronic spectra. 
0.53 0.24 
applied potential 
Figure 7.2 The cyclic voltammograrn of [Rul1(tacn)2]2+ in 0.10 M CF3S03H 
(vs NHE), Au working electrode, scan rate 5 mV s-1. 
7.3.4 The Electron Self-Exchange Rate 
The electron self-exchange rate (k 11 ) for [Ru(tacn)2]3+/2+ was determined by Bemhard3 
by direct measurement of 1he broadening of the I H NMR signals of [Ruil(tacn)z]2+. The 
value detennined was k11 = 5 x 104 M-1 s· l (t = 23 °C and ionic strength = 0.1 M). 
7.3.5 Crystal Structures 
Crystals of [Ru(tacn)2](CF3S03)2.H20 were grown by P. Bernhard and its structure is 
presented here to complete the data set of the series under investigation.6 The crystal 
structures of [Ruil(tacn)2](CF3S03)z.H20 and [RullI(tacn)2]Cl3.5H20 were determined 
at 115 Kand 273 K, respectively. A summary of the crystal data is given in Table 7.1. 
Table 7.1 Crystallographic Data for [Ru(tacn)2](CF3S0))2.H20 (a) 
at 115 Kand [Ru(tacn)2]Cl3.5H20 (b) at 293 K. 
(a) (b) 
Formula RuS2F6°'7N6C14fi32 RuCl30~6C12tl4Q 
Formula weight 675.6 556.0 
Space group P3121 No. 152 R32 No. 155 
z 3 3 
F(OOO) 1032 867 
Temperature, K 115 K 293 K 
a,A 9.466 (3) 8.041 (2) 
c,A 24.38 (1) 31.97 (3) 
V A3 1892 1792 (2) ' 
Pexp gcm-3 1.76 293K 1.52 293K 
Peale gcm-3 1.78 115K 1.55 293K 
e limits, O 0-31 0-30 
Scan width, 0 1.40 + 0.35*tan(0) 1.05 + 0.35 tan(0) 
Mode ro-mode, variable scanspeed 
H,K,L (min, max) 0~14,0~14,0~36 0~11, O~I I, -45~45 
µ, cm-I 7 .8 10.0 
Min. transmission 0.992 0.933 
Max. transmission 1.000 0.999 
Reflections measured 2400 1164 
Unique reflections 2312 700 
Analysed reflections 2252 635 
F0 > 6cr(F0 ) 
No. of parameters 168 51 
R(F), % 2.4 3.3 
Rw(F),% 3.2 4.6 
GOF 4.2 0.9 
Weighting function 1/{ cr2(Fo) + 0.000025*Fo2} 1/{ cr2(Fo) + 0.002*F02} 
Residual electron 
density eA-3 
Min. 
-0. l 
-0.7 
Max. 0.6 0.7 (02) 
181 
182 
Table 7.2 The Average Bond Distances and Angles for 
[Rull(tacn)2](CF3S03)2.H20 and [Ruill(tacn)2](Cl)3.5H20 
Average bond distances (A) 
Ru-N 
N - Cl 
N- C2 
Cl - C2 
Average bond angles (0 ) 
N - Ru - NI 
N - Ru - NII 
N - Ru - Nill 
N - Ru - NIY 
Ru - N - Cl 
Ru - N - C2 
Cl - N - C2 
N-Cl-C2' 
Cl - C2' - N' 
Torsion angles (0 ) 
Ru - N - Cl - C2' 
Ru - N - C2 - C 1 " 
N - Cl - C2' - N' 
Cl - N - C2 - Cl" 
C2-N-Cl-C2' 
2.118 (6) 
1.501 (4) 
1.488 (2) 
1.526 (9) 
81.2 (3) 
98.0 (6) 
99.5 (1) 
178.9 (1) 
111.8 (2) 
106.1 (2) 
112.0 (3) 
110.5 (2) 
109.8 (3) 
15.4 (9) 
48.9 (7) 
-43.0 (11) 
-73.4 (9) 
134.4 (9) 
2.097 (3) 
1.503 (9) 
1.518 (11) 
1.471 (7) 
81.5 (3) 
98.3 (3) 
98.8 (2) 
179.6 (9) 
111.4 (3) 
104.9 (4) 
113.6 (4) 
110.8 (4) 
109.8 (5) 
-16.3 (7) 
-50.2 (5) 
44.4 (6) 
71.7 (6) 
-I 34.5 (5) 
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The ORTEP diagrams of both complexes are shown in Figure 7.3. The bond distance 
and angles for the salts of [RuII(tacn)i)2+ and [Ruill(tacn)iJ3+ are shown in detail in 
Table 7.2. Th~ structure of [Ru(tacn)i]3+ is almost identical with the structure of 
[Ru(tacn)i]2+ despite the different lattices. 
[RulI(tacn)2]2+ 
Figure 7.3 The ORTEP Diagrams of the Cations in the Crystal Structures of 
[RulI(tacn)2](CF3S03)2.H20 and [Rulll(tacn)i](Cl)).5H20. (thermal 
ellipsoids have been drawn to include 50 % of the probability distribution). 
The difference between the average Run-N and Ruill-N bond distances in these two 
molecules is 0.021 A which is less than four times the standard deviation for these 
distances. This barely represents a significant change in this bond length, although on 
average the RuILN bond is slightly longer than the Ruill-N bond. For the two molecules 
the bond lengths and angles within the ligand do not vary significantly from one 
oxidation state to the other. Thus on electron transfer the ligands simply move slightly 
along the C3 axis of the molecule to accommodate the slightly different sizes of the 
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central ion. Considering that there is so linle structural change between the Ru(III) and 
Ru(In states, it is not surprising that the electron transfer self-exchange rate constant for 
this complex is large. However it is somewhat smaller than that determined for 
[Ru(sar)]3+/2+ where the geometries appear to be identical within the crystallographic 
accuracy. 
The steric constraints dictated by the ligand result in the unique kinetic stability of the 
[RuIIl(tacn)2]3+ ion. The pyramidal character of the coordinated nitrogen is unlikely to 
change on deprotonation in such a sterically demanding ligand. In the Ru(ill) state, the 
sum of the three non-hydrogen bond angles around the nitrogen is 331 °. The angles of 
the bonds to the coordinated nitrogen are shown below, as observed along the N-H 
bond. 
Molecular models based on this structure show that the ligand is quite rig id. Unlike the 
[RulI(tame)2]2+ and [RuIIl(tame)2]3+ complexes, where the ligands are flexible, here 
only slight twists of the ligand are possible. Deprotonated Ru(IV) species are generally 
stabilized by the formation of a RulY =N fragment which requires a change from 
pyramidal to planar geometry at the nitrogen. The rigidity of the coordinated tacn ligand 
would result in such a species being extremely strained. In [Ruill(sar)]3+ a larger 
defonnation of the ligand is possible and an sp2 nitrogen is more readily accommodated. 
Consequently, chemistry similar to that observed for [RuIII(sar)]3+ cannot take place 
with the more sterically demanding tacn ligand. 
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CHAPTER 8 
The Oxidation of N6 Macrobicylic Ligands by 
Iron(IV) 
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8.1 Introduction 
Although many aspects of the chemistry of the iron and ruthenium cage complexes are 
similar, some surprising differences have been noted, and need to be explained. Previous 
work by Hagen 1 has shown that [Felll((NH3)2sar)]5+ can be oxidised to the diimine, 
[Fell((NH3)2diimsar)]4+. This slow oxidation occurs in basic solutions which are 
exposed to air. Immediate quenching of the initial basic solution with acid regenerated the 
[Felll((NH 3)2sar) ]5+. 
NH3 -r (b'# rD 
CQKNHJ (Q[/) 
,/1 "'- ~ 
lp lp 
NH3 NH3 
[Fem ( (NHi)sar) 15+ [Ferr( (NHi)diimsar) 14+ 
Similarly [Feill(sar)]3+ can be oxidised, and from an NMR investigation of its reactions 
in base it was shown that 
1) in the absence of~ two products formed, one of which is [Fell(sar)]2+ and the 
other a low-spin Feil-imine 
2) on exposure to~ the final product is a di-imine and that the imine bonds fonned 
exclusively in one of the five-membered chelate rings 
It may be anticipated from the ruthenium chemistry that for the above reactions, once the 
Fe(ill) ion is deprotonated, it then disproportionates to an Fe(ID complex and a doubly 
deprotonated Fe(IV) complex. The Fe(IV)-complex then undergoes a two-electron 
intrarnolecular rearrangement to form the Fe(Il)-monoimine complex. The 
Fe(Il)-monoimine ion together with the [Fell(sar)]2+ ion are then oxidised by 02 to the 
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Fe(ill) state again which follows the pathway to oxidation as above. From the Fe(lm 
state the Fe(Ill)-monoimine complex might also disproportionate to form the 
Fe(IV)-monoimine (which may react to give an Fe(II)-diirnine) and the Fe(TI)-
monoirnine. This process continues until finally all the iron complex has been oxidised to 
the Fe(m-diimine. This slow process stops at the iron(II)-diimine stage because Oi can 
no longer oxidise the iron(m-diimine to the corresponding iron(III) complex. A 
structural investigation2 of the di-irnine product [Fell((NH3)2diimsar)](S206)i.2H20 
confirmed that both imines are conjugated in the same five-membered chelate ring of the 
complex. As noted in Chapter 1, this is in direct contrast to the sar complex of ruthenium 
where it can be conclusively shown that the imine formation occurs exclusively in the cap 
of the ligand. 
H -r H 12+ H 
-r· (['; (['; I ((:] (Q~NHJ HN NH N ((!f") OH. ( (t< J 02 
HN I NH -/ I"- h ~ lp y) 
H H H 
[Fem(sar)JJ+ [Ferr(imsar)J2+ [Ferr(diimsar)J2+ 
So on two counts the oxidation of [Feill(sar)]3+ is different from [Rulil(sar)J3+. The rate 
is slower and the regioselectivity is different It was therefore of considerable interest to 
unravel this process and compare it with the ruthenium chemistry. The reactions of 
[Feill(sar)]3+ in base were studied under similar conditions to those used for the oxidation 
of the ruthenium complexes previously described so that the properties which most 
influence this rate and regioselecrivity could be probed. 
8.2 Syntheses 
8. 2 .1 (3,6,10, 13, 16, 19-H exaaza bicyclo [ 6.6.6] icosane)i ron(III) 
chloride monohydrate, [Fe(sar)]Cl3.H20 
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The original synthesis4 was followed with only minor modifications. Fe02 (0.30 g, 2.1 
mmol) was dissolved in warm nitrogen-saturated dry ethanol ( 4-0 ml). This solution was 
added to a solution of sar (0.70 g, 2.5 mmol) dissolved in nitrogen-saturated dry ethanol 
( 40 ml). A suspension formed. The reaction mixture was acidified with a few drops of 
concentrated HCl. The solution was exposed to air for 2 hours, during which time an 
orange precipitate formed. The complex was recovered by filtration and washed with ice-
cold ethanol (2 x 10 ml). For recrystallization [Fe(sar)]Cl3 was dissolved in a small 
volume of 1 M HCl and acetone was added until precipitation was completed, the 
complex was recovered, washed with diethyl ether (2 x 15 ml) and vacuum dried for 8 
hours. 
Anal. for [Fe(C14H32N6)]Cl3.H20: Calcd. (found): C, 36.19 (36.1); H, 7.37 (7.4); N, 
18.09 (17.7); Cl, 22.89 (23.0). 
IH NMR o (0.01 M, CF3S03D): 17.28 (s, apical CH), -8.02 (s, NCH2CH2), -9.87 
(s, cap CH2), -10.10 (s, cap CH2) and -46. 72 (s, NCH2CH2). 
8.2.2 (3,6, 10, 13, 16, 19-H exaaza b icyclo [ 6.6 .6] icosa n e-
3,6-diene)iron(II) iodide, [Fe(diimsar)]l2. 
[Fe(sar)]Cl3 (50 mg, 0.112 mmol) was dissolved in an argon-saturated solution of NaOH 
(1 M, 15 ml). The solution was stirred under argon for three hours, and the purple 
solution was exposed to air and stirred overnighL The reaction was quenched with HCI 
(3M. 5 ml) and NaI (11.5 g) was added. The solution was cooled overnight at 5 °C 
during which time a purple complex precipitated. The complex was recovered by 
filtration, washed with cold ethanol (2 x 10 ml) and dried in a vacuum. 
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Anal. for [Fe(C1¥i28N6)]I2: Calcd. (found): C, 28.50 (28.7); H, 4.87 (4.8); N, 14.24 
(14.1). 
l3C NMR o (NaOD): 166.3 (HC=N), 59.7, 55.3, 53.1, 52.3, 49.8 and 36.5 (5 CH2 
and a CH group). 
8. 3 Summary of the Physical Properties 
The absorption spectra of [FelI(NH3)2(diimsar)]4+, [FeIII(sar)-H+]2+, [FeII(imsar)]2+, 
and [Fell(ciiimsar)]2+ are shown in Figure 8.1. Since at low 
concentrations of Fe(III) the rate of disproportionation is slow, the spectrum of 
[FeIII(sar)-H+]2+ was recorded simply by rapidly mixing a dilute-acidified solution of 
[Fel1l(sar)]3+ with a 0.10 M NaOH solution. A summary of the spectral parameters of 
these complexes are given in Table 8.1. 
Table 8.1 The molar absorptivity values for selected complex ions of iron-amines 
in aqueous solution at 25.0°C at an ionic strength of 0.10 M. 
Complex Amax (nm) E (M·l s·I) 
[Fell( (NH 3)2diimsar) ]4+ 560 2950 
[Fel1l(sar)-H+]2+ 530 2210 
[FeII(imsar) ]2+ 560 838 
[Fell( diirnsar)] 2+ 560 3080 
It can be seen that all the above transitions occur at lower energy and are less intense than 
their ruthenium counterparts. The higher energies of the transitions in the ruthenium 
analogues implies that the ligand field strength is larger and hence the complexes are more 
unlikely to diston. So overall the ruthenium(m complexes are more stable in this sense 
than the iron(II) complexes. 
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The absorption spectra of (c) [Fell(imsar)]2+ and (d) [Fell(diimsar)J2+. 
193 
The redox potential for the [Fe(sar)]3+/2+ couple was measured as 0.08 V versus NHE. 
The cyclic voltarnmograrn in 0.1 M CF3S03H is shown in Figure 8.2. This redox 
potential is consistent with the literature values.5 The redox potential for the 
[Ru(sar)]3+/l+ couple is 0.29 V. This shows that in this environment Fe(III) is a much 
poorer oxidant than Ru(Ill). The same order might be expected to hold for the IV state as 
well. 
T 
5JJA 
l 
0.24 
-0.16 
Figure 8.2 
applied potential (V) 
The cyclic voltarnmogram of the [Fe(sar)]3+/2+ couple in 0.10 M 
CF3S03H at a scan rate of 20 m V s-1. 
The electron self-exchange rate constant (k11) for [Fe(sar)]2+/3+ was originally calculated 
by Bernhard et a/.5 from a limited series of cross-reactions as 6.0 x 1 Q3 M· 1 s· 1 but it is 
now known that this value is incorrect. A later direct measurement from NMR methods 
determined a value of 7 x 1()5 M-1 s-1 and more recent measurements for a large number 
of cross-reactions with instrumentation more amenable to these air sensitive solutions 
gave values in the range (l.l - 13) x 105 M-1 s-1_7 Although the variation in this value is 
large, it is clear that the k11 is in the order of 6 x l ()5 M-1 s-1 . This fast electron transfer 
rate implies little reorganisation of the two ions is required before electron transfer occurs. 
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8. 4 Reactions of [FeIII(sar)]3+ in Base 
The reactions of [Felll(sar)]3+ in base were studied by NMR spectroscopy. These 
experiments were performed in a similar way to those used to show that [Ruill(tame)2]3+ 
disproportionates in base. Some preliminary studies of this kind were carried out by 
Hagen and Bernhard} The lH NMR spectrum of [FeII(sar)]2+ is rather more 
complicated than that of [Rull(sar)]2+ simply because the complex is in a high-spin low-
spin equilibrium& that dramatically influences the chemical shifts of the signals. Figure 
8.3(a) shows the lH NMR spectrum of [FeII(sar)]2+ with the relevant assignments.Th 
For comparison the lH NMR spectrum of [Feill(sar)]3+ is shown in Figure 8.3(b). 
The signals at - 34 and 36 ppm and -48 ppm were used to identify [Fen(sar)]2+ and 
[Feill(sar)]3+ respectively. [Fe(sar)]Cl3 (50 mg) was dissolved in 0.5 ml of argon-
saturated Na OD. The I H NMR spectrum of the reaction mixture was recorded over time 
and the spectra at 5, 90 and 1000 minutes are shown in Figure 8.4. Clearly there is no 
trace of [Felll(sar)]3+ (as shown by the absence of a signal at - -48 ppm) and the 
[Fell(sar)]2+ signals between 25-30 ppm appear within the first five minutes. The 
diamagnetic Fe(II)imine complex is expected to have signals in the region 0-10 ppm. 
appears to form during the first 90 minutes, Figure 8.4(c). The results imply that the 
paramagnetic d4 Fe(IV) intermediate either has a very broad spectrum or is shifted into 
another domain. 
The immediate formation of [Fell(sar)]2+ is a clear indication that [Feill(sar)]3+ 
disproportionates rapidly and that the Fe(IV) oxidation of the ligand to the imine complex 
is much slower under these conditions. Similar behaviour was also observed for 
reactions where the initial concentration of [Feill(sar)]3+ was - 4 mM and the 
concentration of OD- was 0.10 M. An outline of the proposed reaction scheme follows. 
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Figure 8.3 The I H NMR spectra of (a) [Fell(sar)J2+ and (b) [Feln(sar)J3+ 
with the relevant assignments of these signals. 
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8 (ppm) 
The lH NMR specrra of the reaction mixture of [Fem(sar)J3+ (-0.2 M) 
in 1 M NaOD, recorded at (a) 5 minutes, (b) 90 minutes and 
(c) 1000 minutes. 
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Scheme 8.1 
Ka 
[Fdll(sar)f+ - [Fe111(sar)-Hf+ + J-t 
2 [Fd11(sar)-H12+ ~ [Fe°(sar)]2+ + [Ferv (sar)-2Hf + 
[Fc!Y (sar)-28?+ _"1_· m- [Fe°(imsar)) 2+ 
[Fdl(imsar))2+ [Fe1Il(imsar)J3+ --- [Fe1fl(imsar)-Hi2+ 
2 [FJil(imsar)-WJ2+ __ [FtfI{unsar)J2+ + [Fe1Y(imsar)-2Hf+ 
[Fc!Y (imsar)-2Hi2+ [Fe11(diimsar)J2+ 
When this reaction was performed in the presence of 02 or when the [Fell(sar)]2+; 
[Fell(imsar)J2+ mixture was exposed to 02, further oxidation occurred and the final 
product was [Fell(diimsar)J2+. The average C2v symmetry of the complex is reflected in 
its 1 H and l3C NMR spectra (Figure 8.5). The important characteristics are the seven 
signals in the 13C NMR spectrum and the absence of splitting of the imine signal (8.8 
ppm) in the lH NMR spectrum. These features require that both imine groups be in the 
same five-membered chelate ring. So the oxidation of [Feill(sar)J3+, like that of 
[Felll(NH3)2sar]5+ results in the formation of a conjugated di-imine in one five-
membered chelate ring of the complex. 
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The lH (a) and 13C (b) NMR spectra of [Fell(diimsar)]2+ in 0.1 M 
NaOD. 
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8.5 Acidity constant of [Fem(sar)] 3 + 
A series of experiments was performed where the initial absorbance - 5 ms after mixing 
of [FelII(sar)]3+ with buffer was measured as a function of pH at 530 nm (the established 
Amax of [Feill(sar)-H+)21. Apart from deprotonation, [Feill(sar)]3+ (147 µM) 
undergoes little or no funher reaction in one second (for a detailed description of the 
method see section 5.6). The titration curve is shown in Figure 8.6. By following the 
method outlined in the experimental section, the pK3 was determined as 7.6 ± 0.1 (t = 25 
~C, ionic strength = 0.10 M). 
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The titration curve for the determination of the acidity constant of 
[Fefil(sar)]3+. 
8.6 The Oxidation of [FerII(sar)] 3 + 
When a sample of [Felll(sar)]3+ was mixed with a NaOH solution the mixture 
immediately turned pw-ple. The spectrum of this mixture was recorded every 30 minutes 
and the resulting spectra are shown in Figure 8.7(a). The initial spectrum is clearly that 
of [Feill(sar)-H+]2+, which then reacts to from [Fell(sar)]2+ and [Fell(imsar)J2+. The 
formation of [Feil(imsar)]2+ was complete in approximately 3 hours. after which the 
By analogy with [VIVdi(amH)sar-2H]4+ it was expected that Fe(IV)-sar would be doubly 
deprotonated under these conditions.12 
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solution was exposed to air and the formation of [FelI(diimsar)]2+ occurred. This 
experiment indicates that the reaction can be followed in two discrete steps, first to a 
mono-imine and then to di-imine after Qi is admitted. At higher concentrations of 
[Feill(sar)]3+ (as seen from the earlier NMR experiment) the disproportionation reaction 
occurs in the rime of mixing. A series of spectra recorded for an [Felli(sar)]3+ 
concentration of 2.0 mM is shown in Figure 8.7(b). The isosbestic point at - 250 nm, 
indicates that there is never significant concentration of an intermediate for this reaction. 
This series of spectra therefore shows the direct conversion of [FeIV(sar)-2H+]2+ to 
[FelI(imsar)]2+. The first spectrum in this series is that of [FeIV(sar)-2H+]2+ and has its 
maximum absorbance at 530 nm and the molar absorptivity at this wavelength is 
4510 M-1 cm-1. 
This reaction was studied in more detail with experimental traces recorded at 530 and 560 
nm, the absorption maxima of [Felli(sar)-H+]2+ and [FeII(imsar)]2+ respectively. A 
summary of the results is given in Table 8.2. 
Table 8.2 
Reaction 
No. 
2 
3 
4 
6 
Rate constants for the disporportionarion of [Felli(sar)]3+ and for the 
oxidation of [FeIV(sar)-2H+]3+ to [FeII(imsar)]2+ at pH 11.6 ~ = 25°C, 
ionic strength = 0.10 M). 
[Felli(sar)]3+ 
(µM) 
327 
327 
192 
82 
2000 
9.7 X 10·5 
1.2 X lQ-4 
6.8 X 10·5 
2.0 X lQ-5 
-'t, 10 
(M·l s·l) 
0. 15 
0.19 
0.18 
0.12 
1.5 X 10·4 
(nm) 
530 
560 
530 
530 
530 
0 (.) 
0 
u ;; 
.0 
0 
"' .0
~ 
0.5 
0.50 
0.40 
0.30 
0.20 
0.10 
Figure 8.7 
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Figure 8.7 
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201 
500 600 700 
wavelength (nm) 
(a)The absorbance spectra of a reaction mixture of [FelIT(sar)J3+ 
(327 µM) in 0.10 M Na OH recorded at 0, 15, 30, 45, 90, 120 and 
180 minutes then at 6, 7, 8, 19, 24 and 33 hours. 
300 400 500 600 700 
wavelength (nm) 
(b)The absorbance spectra of a reaction mixture of [FelIT(sar)J3+ 
(2.0 mM) in 0.10 M NaOH in a 1.0 mm cell, recorded at 5 minute 
intervals for 45 minutes then at 15 minute intervals for 2 hours. 
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In Table 8.2 reactions 1, 3 and 4 show the second order dependence of the decay on the 
concentration of Fe(III) at 530 nm. Reaction 5 shows that at high concentrations of 
[FeIIl(sar)]3+ the reaction is largely the oxidation of [FeIY (sar)-2H+]2+ to [FeII(imsar)]2+. 
At low concentrations of [Feill(sar)]3+ in base, the reaction is soictly second order in 
Fe(III), Figure 8.8(a), and under these conditions the rate constant for the 
disproportionation reaction can be obtained. At an [FeIII(sar)]3+ concentrations of 2.0 
mM the reaction is first order in Fe(IIn, Figure 8.8(b). Under these conditions the 
disproportionation reaction is very fast and the oxidation reaction is the rate determining 
step, so that the first order rate constant for the oxidation reaction could be directly 
obtained. 
The rate of disproportionation of [Feill(sar-H+)J2+ is much slower than that of 
[Rulll(sar)-H+]2+ at high pH. The rate constant for the disproportionation of 
[Feill(sar-H+)]2+ is 0.15 M-1 s-1 while that for [Rulll(sar)-H+]2+ is greater than 
107 M·l s-1, i.e. more than 8 orders of magnitude larger. This implies that the 
[FeIY(sar)-2H+]2+ ion is not as thermodynamically favoured as [RuIY(sar)-2H+]2+. This 
dramatic difference was also expected to hold for the disproportionation between the 
protonated and deprotonated forms of the Fe(ill)sar complex which would occur at lower 
pH. In acid solutions [Ruill(sar)]3+ is quite reactive yet [FeIIl(sar)]3+ appears to be stable 
(at least over several hours). So by either pathway to the metal(IV) state, [Feill(sar)]3+ is 
much slower to disproportionate than [Ruill(sar)]3+. Moreover [FeIY(sar)-2H+)2+ cannot 
be generated quantitatively from [Feill(sar)]3+ using [Fe(CN)6]3·. This oxidation is slow 
and appreciable amounts of [Fell(sar)]2+ form before the oxidation to Fe(IV) is complete. 
Titis is not like the ruthenium chemistry at all where the oxidation with [Fe(CN)613-
drives all the Ru(ill) to Ru(IV) before any imine formation occurs. It was not expected 
from the Fe(III/11) redox potential that Fe(IV) would be more difficult to obtain than 
Ru(IV), however, if the Fe(IV) species were high-spin this could account for the 
difference. The broadness of the NMR specoum of [FelY(sar)-2H+J2+, Figure 8.4 (a) 
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x103 time (s) 
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5 10 15 
x 103 time (s) 
The kinetic traces for the disproportionation of [Feffi(sar) ]3+ for the 
following concentrations of [FelII(sar)J 3+ (a) 327 µM and (b) 2.0 mM. 
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implies that it is indeed a high-spin species. The high-spin Fe(IV) species is expected to 
be a stronger oxidising agent than its low-spin fonn. However, once the Fe(IV) ion is 
formed, the rate at which it oxidises the coordinated saris only about a factor of 3 slower 
than that for the corresponding Ru(IV) analogue. Since the d orbital overlap with the 
nirrogen orbitals of Fe(IV) is not as large as the overlap for Ru(IV), it was expected that 
the protons of the methylene groups for [FefY(sar)-2H+)2+ would not be activated to 
as rv 2+ · the same exten~ the protons of [Ru (sar)-2H+] . Overall a was expected that the 
oxidation to [FeII(imsar)]2+ should be slower than the oxidation to [Rull(imsar)f+ from 
the M(IV) states. Clearly it is not. 
The rate of oxidation is a balance of two factors, the poorer activation of the methylene 
protons from the reduced d orbital extension and the stronger oxidising ability of the high 
spin Fe(IY) species. So the oxidation by Fe(IV) is apparently concerted with the 
deprotonation of the methylene group. 
8. 7 Comparison of crystal structures 
The crystal structure of [FeIIl(sar)](N03)3 was determined by Hom and Snow8 and a 
summary of the relevant averaged bond lengths and angles is given in Figure 8.9. The 
structure of [Fell((NH3)2diimsar)](S206h·2H20 was determined by Hagen2. The 
crystal data are given in Table 8.3, the average bond distances and bond angles are given 
in Table 8.4 and the ORTEP structure of the complex shown in Figure 8.10. The average 
C-N bond length in one of the five-membered chelate ring is 1.364(6) A and clearly 
corresponds to imines bonds. The C-N bond lengths in the other five membered chelate 
rings are fairly normal for single bonds. 
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Table 8.3 Crystallographic Data for [Feil(NH3)2diimsar)](S206n.2H20. 
Formula FeC14,H34NgS4014 
Formula weight 722.56 
I 
Space group C2 
z 4 
'1 F(OOO) 715 
' 
Temperature, K 298 K 
a.A 14.56 
b,A 12.47 
c,A 8.88 
~. 0 112 
V A3 
' 
1485 
Peale gcm·3 1.95 120K 
8 limits, 0 0-27.5 
Scan width, 0 0.80 + 0.35*TAN(8) 
Mode (J}-28-mode, variable scanspeed 
H,K,L (min, max) 
-17 -t 16, 0-t 15, 0-t l l 
µ, cm·l 8.03 
Reflections measured 1908 
Unique reflections 1781 
Analysed reflections 1655 
Fo > 6cr(Fo) 
No. of parameters 234 
R(F), % 4.0 
Rw(F),% 4.2 
Weighting function 1/( cr2(Fo)+0.00005·Fo2} 
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Table 8.4 Averaged Bond Distances and Angles for 
[Feil(NH3)2diimsar)] ( S206h .2H20 
Bond 
Fe -N2 
Fe -Nl3 
C4-C5 
C12 - Cl 1 
Cl - C2 
Cl - Cl4 
N3- C4 
N3- C2 
N13 - Cl4 
N13- Cl2 
Bond angles 
N3 - Fe - N13 
Nl3 - Fe - NlO 
Cl4 - Cl - C2 
Cl - C2 - N3 
Cl - Cl2 - Nl3 
C4- N3 - C2 
Fe - N3 - C2 
Fe - N3 - C4 
Cl4 - Nl3 - Cl2 
Fe - Nl3 - Cl2 
Fe - Nl3 - Cl4 
(A) 
1.954(4) 
1.977(4) 
1.454 (10) 
1.466 (7) 
1.536(7) 
1.527 (5) 
1.364 (6) 
1.463 (7) 
1.482 (5) 
1.425 (6) 
(0) 
87.7 (2) 
83.9 (2) 
111.6 (5) 
109.6 (4) 
111.5 (3) 
117.5 (4) 
120.8 (3) 
113.5 (4) 
115.2 (4) 
110.2 (3) 
118.5 (2) 
5 4 14+ 
H3N~
7 
~~:?t: I NH, O / "'13 
HN NH 
20 19\___/16 15 
18 17 
[Fe(NH3)i( diimsar) r~+ 
(the numbering scheme used for the above table). 
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H 13+ 
~ NH Kl /1~ 1.486 A 
HN NH 
I \ 
~ 
H H 
HN NH K 2.@7A 
/1~ 1.536 A 
HN NH 
I \ 
~ 
II . '+ [Ru (hexrumsarW 
Figure 8.9 A summary of the important bond lengths and angles for the complex 
cations of (a) [FeIII(sar)] 3+, (b) [Fefl((NH3)2diimsar)J4+, 
(c) [Rulll(sar)J3+, and (d) [Rull(hexaimsar)]2+. 
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Figure 8.10 An ORTEP view of the cation in [Fell((NH3)2diimsar)](S206h-2H20, 
the protons has been deleted for clarity (the thennal ellipsoids have been 
drawn to include 50 % of the probability distribution ) .. 
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When molecular models based on the structures of [FeIII(sar)]3+, 
[Fell((NH3)2diimsar)]4+, [Ruill(sar)]3+ and [Ru(hexaimsar)]2+ are compared (a summary 
of the important bond lengths and angles is given in Figure 8.9) some insight into the 
regioselectivity of the imine formation is gained. The different regioselectivities of 
[Feill(sar)]3+ and [Ruill(sar)]3+ arise from the different geometries of the ligand in the 
M(IV) state. In this state the metal centre has some M(II) characteristics due to the 
MIV=N bond. This is particularly true for Ru(IV) since it has a stronger ligand field than 
Fe(IV) and the ligand geometry is less likely to be distoned. The models based on the 
assumptions of some M(II) character in [MIY(sar)-2H+]2+ show some interesting 
features. Shown below are two Newman projections of the fragments of this cage about 
the sp2 nitrogen; the first is viewed along the C-N bond in the cap (A) and the second is 
viewed along the C-N bond in the five-membered chelate ring. 
Ha "'c:ri2 
R-CH\ ~~~ ~ C 
CH Hb 
I Ru Ru/CH2 
(A) (B) 
The most favoured geometry for rapid imine formation would be if the proton on the 
methylene carbon, which becomes the imine carbon, was coplanar with the C-N=RufY 
fragment. In fragment (A) the proton labelled Ha is coplanar with the C-N=RufY 
fragment so the removal of Hb is expected to be fast In fragment (B) neither protons He 
nor H<I are coplanar with the C-N=RufY fragment Although proton r1d is orientated close 
to the preferred position, some rearrangement must occur before it is close to being 
coplanar with the C-N=RufY fragment This rearrangement inhibits the imine formation 
in this fragment Since [FerY(sar)-2H+]2+ is expected to have a weaker ligand field than 
[RuIY(sar)-2H+]2+, the geometry about the metal centre is more distorted from octahedral 
(this is highlighted by the small twist angle of 28.6 ° for [Feil(NH3)2(sar)J4+).11 In this 
-
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case it is one of the protons of the methylene groups in the five-membered chelate ring 
which is coplanar with the C-N=FefV fragment Thus the formation of an imine occurs 
faster in this fragment than in the cap. 
Once the mono-imine forms the regioselectivity of the multi-imine formation is attributed 
to other steric arguments. An insight into the steric effects can be gained by comparing 
the various possible forms of the oxidised complexes. Two properties which can be used 
to judge the amount of strain in these molecules are the twist angle and distortion of the 
planar imine moiety. 
The preferred geometry for low-spin d6 metal ions is octahedral (this corresponds to a 
twist angle of 60°). Models based on the possible orientations of the hexa-imine species 
show that if the six imine bonds were to be formed in the three five-membered chelate 
rings of either the ruthenium or iron complexes, this would twist the shape of the 
molecule towards a trigonal prism (twist angle 0°), which is not the preferred geometry 
for these metal ions. This trigonal prismatic geometry is observed in a similar molecule: 
namely the iron(II) boron-capped-dimethylglyoxime complex6 which has three 
N=C-C=N linkages. In [Ru(hexaimsar))2+ the twist angle of 28.9° is half way between 
octahedral and a trigonal prismatic geometry. With all six imines in the cap of the cage, 
some of the octahedral characteristics of ruthenium(II) have been preserved and lead to a 
much less strained situation than if all the imines were to form in the five-membered 
chelate rings. 
For a planar sp2 hybridized configuration about nirrogen, the sum of the angles of 
adjacent bonds should total 360°. A total of less than 360° is an indication of the degree 
of terrahedral character of the atom. Hence the sum of the angles around the imine 
nirrogen can be used to gauge the degree of distortion of this fragment. The sum of 
angles of the bonds surrounding the imine nirrogen in [Ru(hexaimsar)J2+ is - 358° and in 
[Fell((NH3)2diimsar))2+ it is - 350°. This indicates that for the iron complex the 
geometry about the nirrogen is somewhat more distoned than in the ruthenium complex. 
I 
I 
i 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
(, 
I 
I ! 
I 
I 
211 
Although these differences appear small the funher away from 360° the distortion is the 
more significant the resulL 
8.8 Conclusions 
Some of the properties of [Ruill(sar)]3+ and [Feill(sar)]3+ are quite similar, such as their 
averaged strucrures, acidity constants and electron transfer rates. Although the 
regioselectivity of the irnine fonnation is quite different for the Ru and Fe complexes, the 
rate of imine formation from the M(N) species is very similar in both cases. The rate of 
oxidation of the Fe(IV) species was faster than expected since the high-spin Fe(N) ion is 
likely to be a better oxidant than the low-spin species. Overall the rate of the oxidation of 
[FeIII(sar)]3+ to [Feil(imsar)]2+ is much slower than that of [RuIIl(sar)]3+ to 
[Ruil(imsar)]2+ since the rate of disproportionation of [Felli(sar)-H+]2+ is very much 
slower than that of [RuIIl(sar)-H+]2+. 
Now there is a clearer picture of the reasons for the regioselective irnine formation. In the 
iron complexes1the ligand field strength is less than the corresponding Ru complexes. As 
the 
a result of this, the iron complexes are more flexible than/\ruthenium complexes and so 
they are easier to distort to accommodate environments which are unfavourable relative to 
ruthenium. It seems that in the doubly deprotonated Fe(IV) complex the ligand twists so 
that one of the protons on the methylene group in the five-membered chelate ring is 
co-planar with the C-N=FeIV fragmenL This is the preferred orientation for imine 
fonnation. Since only a small rearrangement needs to occur, the irnine forms in the five-
membered ring fragment. In the doubly deprotonated Ru(IV) complex the more rigid 
geometry about the metal centre keeps the ligand in a similar orientation to that which it 
has in the III state. In this orientation it is one of the protons of the methylene group in 
the cap which is coplanar with the the C-N=RuIV fragmenL Thus imine formation occurs 
in the cap. For the multi-irnine formation it is the constraint of rutheniurn(m remaining as 
close to octahedral geometry as possible which drives funher oxidations to take place in 
the cap. Since Fe(II) has a weaker ligand field than Ru(II) the ligand is more flexible and 
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the funher oxidation of [FeII(imsar)]2+ can be accommodated in a conjugated system in 
one five-membered chelate ring without greatly straining the resulting molecule. 
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The complex ions [Ruill(tame)i] 3+ and [Ruill(en)3]3+ were used to represent two 
fragments of the cage complex [Ruill(sar)]3+ and it has been instructive to examine them 
for inherent propenies that could account for the rapid oxidative dehydrogenation reaction 
of [Ruill(sar)]3+. Although both mcx:iel complexes have similar reactivity, neither 
complex undergoes oxidative dehydrogenation significantly faster than the ocher. 
However, some features have been observed which help explain the reactivity of 
[Ruill(sar)]3+. A sununary of the physical properties of these complexes is given in the 
following tables. The metal-amine complexes involved in this work can all be oxidised to 
metal-imines by the following pathway. 
when pH> pKm 
2 [Mill(amine)-H+]2+ k'd ~ [MII(amine)]2+ + [MlV(amine)-2H+)2+ 
when pKrv <pH< pKrn 
[MIII(amine)]3+ + [Mill(amine)-H+)2+ _k_d -+. 
[MlI(amine)]2+ + [MfY(amine)-2H+]2+ + H+ 
when pH < pK1v 
kd 
[MIII(amine)]3+ + [Mill(amine)-H+)2+ ~ 
k .d 
[MII(amine)]2+ + [MlV(amine)-H+]3+ 
[MfY(amine)-2H+]2+ + H+ 
When pH > pK1v 
[MIV (amine)-2H+] 2+ MlI(imine)]2+ 
when pH < pK1v 
[MIY(amine)-H+]3+ MlI(imine)] 2+ + H+ 
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For the series of complexes there are substantial differences in the acidities of the M(Ill) 
species. [RulII(sar)]3+ (pKa = 6.3) is much more acidic than [RulII(tarne)2]3+ (pKa = 
10.3) and [RulII(en)3]3+ (pKa = 10.4). The lower pKa presumably arises from the strain 
in the sexidentate ligand which is relieved somewhat when [RuIII(sar)]3+ is deprotonated. 
The difference in the Ka values makes the deprotonated [RulII(sar)]3+ species 104 fold 
more accessible at lower pH than the other complexes. · Since the disproportionation 
reaction only proceeds once some of the M(III) state is deprotonated. the relatively larger 
concentration of [RuIII(sar)-H+]2+ at any particular pH results in the overall oxidation 
being more rapid than that for [RulII(en)3]3+ and [RulII(tame)z.]3+ under equivalent 
conditions. 
Not only is the deprotonated substrate of [RulII(sar)]3+ more accessible by four orders of 
magnitude, but the disproponionation rate is also four orders of magnitude faster than the 
corresponding rates for [Ruill(en)3]3+ and [RuIII(tame)z.]3+. The equilibrium for this 
reaction is more favoured for [Ruill(sar)]3+ than for the other two complexes since the 
products of the reaction are relatively more stable. [Rull(sar)]2+ is a favoured product 
because of its redox potential relative to the other two molecules and the formation the 
Ru(IV) state is favoured by the stability which arises from the loss of two protons. The 
low pKa for [RulY(sar)-H+]3+ means that the doubly deprotonated fonn is approximately 
5 orders of magnitude more accessible that the corresponding forms of the complexes of 
the two cage fragments. So on two counts the rate of disproportionation for 
[RulII(sar)]3+ is favoured over the disproportionation of [Ruill(en)3]3+ and 
[RulII(tame)z]3+. 
The rate of oxidation to the imine for the M(IV) state is significantly dependant on the 
ligand and whether or not it is deprotonated or doubly deprotonated. For all the 
molecules, the singly deprotonated form is a better oxidant than the doubly deprotonated 
form. This is not surprising considering the redox potential for the singly deprotonated 
form is expected to be more positive. In both conditions the oxidations of both the tame 
and en complexes occur more rapidly than those for the sar complexes by 3-4 orders of 
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magnitude. The reason for this is simply that there is much less strain involved in 
fonning the imine product with the more flexible ligands than with the cage. For the 
[Rull(sar)]2+ and [RuIII(sar)]3+ complexes the structures are inherently strained; this can 
be relieved by forming the delocalised Ru(IV)=N ion but it is clearly not relieved in 
forming [Rull(imsar)]2+ since this process is much slower than those for the Ru(IV) 
species of the other two complexes. One significant difference is that the RuIV=N bond 
length would be much shoner than the Rull-N bond length in the irnine. It would also be 
much shoner than the RullLN bond length and this factor may relieve the srrain 
experienced by the Ru(III) species. Along with the other factors mentioned above this 
helps to account for the rapid disproportionation rate of [RuIIl(sar)]3+ relative to 
[RuIII(en)3]3+ and [RuIII(tame)2]3+ where the strain is much less. 
Even though the acidities of [Feill(sar)]3+ and [RuIIl(sar)]3+ are similar, their 
disproportionation rates vary substantially. The rate for [Ruill(sar)]3+ is seven orders of 
magnitude faster than that for [FeIII(sar)]3+. This difference reflects the fact that 
[FeIY(sar)-2H+]2+ is not as stable as [RulY(sar)-2H+]2+. Since the internal field strength 
for iron complexes is much weaker than for ruthenium complexes, it is not surprising that 
this process the low-spin [FeIII(sar) ]3+ predominates over the high-spin 
[FeIV (sar)-2H+]2+. However, the rate of imine oxidation from the Fe(IV) species is 
similar to that for the Ru(IV) species and this comes from the fact that Fe(IV) is likely to 
be high-spin and as such it will be a strong oxidant 
An interesting feature for the structures of [Ru(tame)2]3+12+, [Ru(en)3]3+12+, 
[Ru(tacn)2]3+/2+ and [Ru(sar)]3+/2+ is that in both oxidation states the shape and size of 
the non-metal bonds and angles are essentially the same. The use of molecular models 
based on the crystal structures of the various ruthenium(II/IID-arnines gives an insight 
into the steric constraints in these complex cations. From these models and NMR 
experiments it can be seen that [Ruill(tame)2]3+ and [RuIII(en)3] 3+ are quite flexible with 
respect to inversion of the coordinated tame and conversion between the IeI3 and ob) 
conformations of [Ruill(en)3]3+. Both these ions can easily adjust to accommodate the 
I 
I 
I 
I 
I 
: 
I 
I 
I 
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delocalised RuIY=N moiety. Since these coordinated ligands do not need to be distorted 
greatly, the rate of disproportionation is not appreciably inhibited by any apparent steric 
considerations. Once the RuIY=N moiety forms in these molecules there is no apparent 
steric inhibition to the intramolecular oxidation to form imine groups. These coordinated 
ligands can easily accommodate a C=N fragment, so this overall oxidation process is not 
expected to be inhibited by steric effects. These influences are shown acutely by the 
behaviour of [Ruill(tacnn]3+. The models show that the ligand is much more rigid than 
the other complex ions considered in this study; only slight deformations of the 
nine-membered macrocycle are possible. The formation of a RuIY =N fragment in this 
complex would cause a very unfavourable distortion of the ligand. In this case, the steric 
constraints about the nitrogen atom in the Ru(IV) ion severely inhibit the 
disproportionation reaction. The result is that oxidation to the imine does not occur. 
The strain in metal(Il) and metal(IIl) oxidation states is evident in the structures and 
physical properties of the complexes of the sar systems. The different regioselectivities 
of the oxidative dehydrogenation reactions of [Feill(sar)]3+ and [RuIII(sar)]3+ arise from 
the different geometries that the ligand can have in the M(IV) state. For the Ru(IV) 
species the ligand geometry was expected to be close to that in [Rull(sar))2+ (twist angle 
49.7 °) and for Fe(IV) the geometry was expected to be close to that in 
[Fell(NH3)i(sar)]4+ (twist angle 28.6 °). The favoured geometry for a rapid imine 
formation would involve the proton which becomes the imine carbon being coplanar with 
the C-N=MIV fragment Since the ligand geometry for the M(IV) species is expected to 
be different for iron and ruthenium, these protons have different orientations in the two 
molecules. For rutheniwn there is one proton in the cap which is almost coplanar with 
the C-N=MIV fragment and for iron it is a protons in the five-membered chelate ring 
which is almost coplanar with the C-N=MIV fragment. Thus for ruthenium the mono-
imine forms in the cap fragment and for iron the mono-imine forms in the five-membered 
chelate ring. 
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The introduction of imine groups into these molecules in the cap or the five-membered 
chelate ring greatly influences the twist angle. For [R J(hexaimsar)]2+ with all imines in 
the cap the twist angle is - 30°, which is half way between octahedral and trigonal 
prismatic geometries. The sp2 nitr0gens also lock this molecule into an ob) 
configuration. Molecular models of the complex show that the ligand is not very flexible 
and the metal centre is considerably strained, but still retains some octahedral character. 
When the imines form in the five-membered chelate ring of the cage, as in the case of 
[Fell((NH3)2diimsar)]4+, then a conjugated N=C-C=N fragment readily forms; if it were 
possible to form [fell(hexaimsar)]2+ with all six imines in the five-membered chelate 
rings, the geometry of the metal centre would be expected to be very close to a trigonal 
prismatic as is the case for analogous delocalised molecules (see Chapter 8). Molecules 
of this type are expected to be very strained, much more so than those where the imines 
are formed in the caps of the cage. Thus when the imines form in the cap of the cage the 
resultant complex cation is closer to the preferred octahedral geometry than when the 
irnines form in the five-membered chelate ring. This appears to be one of the major 
reasons for the regioselectivity of these multi-imine oxidations. 
These reactions are obviously very complex and are governed by the acidities, ligand 
strain and disproportionation rates of the M(III) state, the inherent rate of oxidation of the 
M(IV) state, the strain and orientation factors which stabilise or destabilise the delocalised 
M(IV) state, and whether or not the M(IV) state is doubly or singly deprotonated. The 
identification of these factors and their magnitudes should assist in developing catalysts 
for such oxidations. 
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Table 9.1 Structural properties of various ruthenium-amine and imine complexes. 
Fonnula Ru-N N1-Ru-N4 N1-Ru-N2 N1-Ru-N6 Twist R configurati 
on 
cA) (·) (·) (·) (·) (%) 
[Ru(NH3)6)12 2.144(4) 90.0 90.0 90 .0 60 .0 3 .6 
[Ru(NH3)6](BF4) 2.104(4) 90.0 90 .0 90.0 60.0 5.3 
[Ru(en)3]ZnC4 2.131(14) 81.6(7) 94.3(11) 50.2(7) 52.5 4.0 lel2obne13 
[i 
[Ru(en)3]Cl3)/2H20 2.110(18) 81.6(7) 93.6(7) 91.6(7) 10 lel3 
[Ru(en)3]ZnCl4Cl.2H20 2.106( 6) 81.9(2) 93.9(8) 90.7(16) 54 .1 3 . 1 lel3ne12ob 
I 
I 
[Ru(Mesar)](CF3S03)2 2.105(10) 83.6(8) 90.8(5) 95 .5(11) 49.7 4.3 lel3 
Ii 
I [Ru(sar)](CF3S03)3 2.097(8) 83 .6(2) 90 .3(3) 56.6(3) 48.8 6.0 lel3 
I 
[Ru(hexaimsar)](Cl04)2 2.102(8) 81.0(5) 85.7(9) 113 .4(2) 28 .9 3.1 
1: 
[Ru(tarne)2Jtos2.4/3EtOH 2.134(8) 93.3(18) 86.7(18) 93.3(18) 60.0 6.8 
I 
[Ru(tarne)2JC!2CI04 2.100(2) 92. 7(1) 87.3(1) 92.7(1) 60 .0 3.7 
[Ru(tacn)](CF3S03)2.H20 2.118(6) 98.0(6) 81.3(3) 99.6(2) 58 .6 3.2 
[Ru(tacn)2]Cl3.5H20 2.096(2) 98.1 (2) 81.5(2) 98 .9(3) 59 .3 4.6 
[Ru(capten)](CF3S03}i 2. I N-Ru-S 56 . 1 5. 1 
Ru.S 86.4 (2) 
I 
2.284 
[Fc(sar)](CF3S03}J 2.009 85 .2 52 .8 3.9 
[Fc(NH3)i(diimsar)](S20sh FeN(im) imine 4.8 
I 1.954 42.1 
I FeN(am) 83 .9 amine 
1.977 48 .9 
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Table 9.2 The physical properties of relevant coordinated-saturated amines. 
Complex ion "-max Emax k11 E'Il/III pKa k'ct 
couple 
(nm) (M·l s· 1) (M· ' s·l) M (M· l s· I) (M· l s· I) 
[Rull(sar)]2+ 385 40 6 X IQ5 0.29 >> 15 
i 282 2000 
[Ruill(sar)]3+ reacts 6.3 (6-9) )( > 107 
too fast 107 
to 
measure 
1, [Rull(tame)2]2+ 380 70 3.5 x 0 .03 >> 15 
Ii 285 1090 104 
[Ruill(tame)2]3+ 352 459 10.3 3000 4000 
[Rull(en)3]2+ 370 40 3.1 x 0.15 >> 15 
301 1020 104 
[Ruill(en)3]3+ 310 360 10.4 3900 4000 
1, 
[Ru11(NH3)~ 2+ 390 35 3 X 103 0.07 >> 15 
275 640 
I 
[Ruill(NH3)~3+ 320 100 13.1 
275 480 
[Rull(capten)]2+ 338 670 1.18 in >> 15 
250 3880 neat 
i 
trifH 
[Rull(tacn)2]2+ 355 60 5 X 1()4 0.37 >> 15 0 0 
267 980 
[RulII(tacn)2]3+ 375 330 
I 
I [fel..II(sar) ]3+ (1-13) x 0 .08 7 .6 0. 15 
I 1()6 
I 
I 
I 
I 
: 
I 
I 
I 
I 
I 
I 
I 
i 
I; 
: 
I 
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Table 9 .3 Physical properties of coordinated imines. 
complex ion Amax Emax 
(nm) (M-1 cm-I) 
[Ru(hexairnsar)]2+ 377 23 000 
[Rull(imtame)(tame)]2+ 390 4150 
[Rull( en)i(imen) ]2+ 370 3800 
[Rull(diimen)(en)2]2+ 448 7000 
[Rull( triirncapten) ]2+ 
[Fell(imsar)]2+ 560 838 
[Fell( diirnsar)] 2+ 560 3077 
[Fell(NH3)2(diimsar)]2+ 560 2952 
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o 1H HC=N o 13C C=N 
(ppm) (ppm) 
8.1 155.1 
8.2 179.7 
8.5 165.5 
-9.2 181 .5 
8.8 166.3 
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Table 9.4 The detennined values for the physical properties of the deprotonated 
Ru-amines. 
complex ion 
Amax Emax pKa kim 
(nm) 
(M-1 (s-1) 
crn-1) 
[Ruill(sar)-H+]2+ reacts too fast to be detected 
[RuIV (sar)-H+]3+ 445 7800 3.0 -15 
fRuIV (sar)-2H+]2+ 430 8700 > 15 5 X 1Q-4 
[RuIIl(tame)2-H+]2+ 430 2020 > 15 
It [RuIY(tame)2-H+]3+ 8.0 320 
i: 
I ii 
:, 
[RuIV (tame)2-2H+]2+ 430 8200 > 15 1.0 
[RuIIl(en)3-H+]2+ 420 3100 > 15 
I 
[Ru IV ( en)3-H+]3+ 8.0 -500 
I [RuIV ( en)3-2H+ ]2+ 420 4100 > 15 1.0 
I 
I I 
I [RuIV (tacn)2-H+]3+ unobtainable 
[Felli(sar)-H+]2+ 530 2210 
[Fe1Y (sar)-2H+]2+ 530 4510 > 15 2.0 X lQ-4 
I 
. 
I 
1, 
I 
I I 
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Appendix One 
This appendix demonstrates the sensitivity of the second order Runge-Kutta solution to 
the disproportionation and the comproponionation rate constant. The program 
REACTION KINETICS (a listing of the program is presented at the end of this 
Appendix) was written by Prof. D. Evans of the R.S.C. at A.N.U. and utilises a 
Runge-Kutta solution to solve the rate equations for the following Scheme. 
The rate equations to be solved are-
The following example is for the disproportionation of [Ruill(tame)z]3+ in 0.0495 M 
OH-. The first trace shows the experimental points at every 0.25 s for the first IO 
seconds. 
0. I 4 -~~----------,------1 I I 
0 2 4 6 8 
time (s) 
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Using the program REACTION KINETICS k1 was obtained as 4000 M-1 s-1. The ocher 
parameters used to generate this simulated trace (shown below) were 
[Rulli(tame)2-H+]2+ f:430 = 2020 M-1 cm-I . 
Rull(tame)i] 2+ £430 == 0. 
[RufY(tame)i-2H+]2+ f:430 = 8200 M-1 cm-I. 
the rate constant (k3) for the oxidation of [RufY(tame)i-2H+]2+ to 
[Rull(imtame)(tame)]2+ = 1.0 s-1. 
0.24 
8 0.22 
C: 
_g 0.20 
.... 
] 0.18 
C"d 0.16 
0.14 
0 2 4 6 8 
time (s) 
The next two fits were generated with k1 as 3800 and 4300 M-1 s-1 respectively. Clearly 
these fits for k1 are not as good as the above trace, with the fitted line deviating from the 
data after approximately 4 s. 
0.24 
8 0.22 
C: 
_g 0.20 
.... 
] 0.18 
C"d 0.16 
0.14 ·...-----..-----,.---.-----.,....---
1 
0 2 4 6 8 
time (s) 
0.24 
8 0.22 
C: 
~ 0.20 
,_ 
0 
Cl) 
.0 
<.: 
0.18 
0.16 
0.14 
0 
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2 6 8 
time (s) 
The curve fitting is sensitive to changes in k1 of about 100 M-1 s-1 , but the fined curve is 
not very sensitive to changes in k2. Below are fined curves generated with k2 as 100 M-1 
s-1 , 1000 M-1 s-1, and 10 000 M-1 s-1 respectively. Clearly it is not until k2 is very large 
there is any effect on the shape of the fitted curve. 
0.24 
ii) 0.22 u 
C: 
<.: 0.20 
.0 ,_ 
0 0.18 Cl) 
.0 
<.: 0.16 
0.14 
I 
0 2 4 6 8 
time (s) 
0.24 
ii) 0.22 u 
C: 
<.: 0.20 
.0 ,_ 
0 0.18 Cl) 
.0 
<.: 0.16 
0.14 
0 2 4 6 8 
time (s) 
0.24 
ii) 0.22 u 
C: 
<.: 0.20 
.0 ,_ 
0 0.18 Cl) 
.0 
<.: 0.16 
0.14 
0 2 4 6 8 
time (s) 
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********************************************************************** 
• Reaction Kinetics * 
• Second order Runge-Kutta solution • 
* Prof. Denis J. Evans November 27, 1990 • 
********************************************************************** 
• 
parameter (nr--4) 
implicit real *8(a-h,o-z) 
character tab* 1 
common/cone/ x (nr) 
common/coni/ xi(nr) 
common/ders/ xd(nr) 
common/rate/ fk l ,fk2,fk3 
common/time/ del,t 
tab = char(9) 
• there are nr reactants 
• with initial concentrations in file 'initial.data' 
• 
* 
open(unit=20,form='formatted' ,status='unknown', 
&access=' sequential' ,file='ini rial.data') 
open( unit=21,form='formatted' ,status='unknown', 
&access='sequenrial',file='oucput.data') 
*A= xi(l), B = xi(2); C = xi(3); D = xi(4). 
* initial conc.s scored in array xi. 
* 
read (20, *) xi 
* 
* store initial cones in array xi 
• 
* 
* 
write( 9, *) 'xi( 1 )=' ,xi(l ),', xi(2)=' ,xi(2),', xi(3)=' ,xi(3) 
&,', xi(4)=',xi(4) 
write(21,*) 'xi(l)=',xi(l),', xi(2)=',xi(2),', xi(3)=',xi(3) 
&,', xi(4)=',xi(4) 
read(20, *) fk 1,fk2,fk3 
read(20, *) e 1,e2,e3,e4 
* read in rate constants 
* 
* 
* 
write(9 ,*) 'fkl=',fkl,', fk2=',fk2,', fk3=',fk3 
write(21,*) 'fkl=',fkl,', fk2=',fk2,', fk3=',fk3 
write(9, *) 'e 1 =' ,e l,'e2=',e2,'e3=' ,e3,'e4=' ,e4 
write(21, *) 'e 1 =',el ,'e2=' ,e2,'e3=' ,e3,'e4=' ,e4 
read (20, *) del,nts,iprint 
* read in rimestep for integrator and max number of timesteps 
* 
close(unit=20) 
* 
* input complete 
* 
write(9 ,*) 'delta t=' ,del,', no of timsteps=',nts 
write(21, *) 'delta t=' ,de!,', no of timsteps=' ,nts 
do 2 i =l,nr 
x(i) = xi(i) 
I 
I 
I 
I 
I' 
I 
' 
2 continue 
* 
* make initial cones the current cones. 
* no loop over timesteps 
* 
t = 0.0 
tot = x(l)+x(2)+x(3)+x(4) 
od = el *x(l)+e2*x(2)+e3*x(3)+e4*x(4) 
write(21, *) t,tab,x(l ),tab,x(2),tab,x(3),tab,x( 4) 
& ,tab,od ,tab.tot 
do 1 its= l ,nts 
call integ 
t = t + del 
tot = x(l)+x(2)+x(3)+x(4) 
od = el *x(l)+e2*x(2)+e3*x(3)+e4*x(4) 
if(mod(its,iprint).ne.0) goto 1 
write(9 ,*) c; ',x(l),' ',x(2),' ',x(3),' ' 
& ,x(4) 
write(9,*) 'total N=',tot,' absorb coefft=',od 
write(2 l, *) t,tab,x(l ),tab,x(2),tab,x(3),tab,x(4) 
& ,tab,od ,tab,tot 
1 continue 
write(2 l, *) 'end of data' 
close( unit=2 l) 
* output complete 
* 
stop 
end 
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****************************************************************** 
* 
subroutine integ 
parameter (nr--4) 
implicit real *8(a-h,o-z) 
common/cone/ x (nr) 
common/coni/ xi(nr) 
common/ders/ xd(nr) 
common/rate/ fk l ,fk2,fk3 
common/time/ del,t 
dimension xs(nr),xds(nr) 
* second order integration of equations of motion 
* deriv supplies rates of change of species 
* 
call deriv(x) 
do 1 i = l,nr 
XS (i) = X (i) + del*xd(i) 
xds(i) = xd(i) 
l continue 
call deriv(xs) 
do 2 i = l,nr 
x(i) = x(i) + 0.5*del*(xd(i) + xds(i)) 
2 continue 
return 
end 
****************************************************************** 
subroutine deriv(xt) 
parameter (nr=4) 
implicit real *8(a-h,o-z) 
common/cone/ x (nr) 
11 
: 
I 
I 
I 
* 
common/coni/ xi(nr) 
cornrnon/ders/ xd(nr) 
common/rate/ fie 1,fk.2,flc3 
common/time/ del,t 
dimension xt(nr) 
*A= xi(l), B = xi(2); C = xi(3); D = xi(4). 
* initial conc.s stored in array xi. 
* 
* 
* enter rate equations here 
* the various xd's are the dx(i)/dt 
* 
xd(l) = -2.*flcl *xt(l)*xt(1)+2*fk2*xt(2)*xt(3) 
xd(2) = fkl *xt(l)*xt(l)- fk2*xt(2)*xt(3) 
xd(3) = fkl *xt(l)*xt(l)- fk2*xt(2)*xt(3)- fk3*xt(3) 
xd(4) = + fk3*xt(3) 
*23456789012345678901234567890123456789012345678901234567890 
* 
* 
return 
end 
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Appendix Two Differential Rate Laws. 
For the overall reaction (assuming pKrv < pKrn) 
[MIII(amine)]3+ 
For the III state 
Km 
[MIII(amine)]3+ ~ [MIII(amine)-H+]2+ + H+ 
when pH> pKm 
k' 
2 [MI1I(amine)-H+]2+ --d _., [MII(amine)]2+ + [MlV(amine)-2H+]2+ 
when pK1v < pH < pK III 
[MIII(amine)]3+ + [MIII(amine)-H+)2+ _k_d --1 
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[MII(amine)]2+ + [MIV(amine)-2H+]2+ + H+ 
when pH < pK1v 
kd 
[MIII(amine)]3+ + [MIII(amine)-H+)2+ ~ 
k.d 
[MII(arnine)]2+ + [MrY(amine)-H+]3+ 
For the IV state 
When pH > pK IV 
[MIV (amine)-2H+] 2+ _ki_im- MII(imine)]2+ 
when pH < pK1v 
[MlY(amine)-H+]3+ MII(imine)]2+ + H+ 
I 
I 
: 
I 
Definitions 
[Milllt = ([Mill(amine)]3+] + ([Mill(amine)-H+]2+] 
[MIV]t = ([MIY(amine)-H+]3+] + ([MIV(amine)-2H+)2+] 
The differential rate laws for this scheme are 
d[M(Imlt (-2ktlKm[H+])[M(ill)lt2 (2k-<1[H+])[M(Il)][M(IV)lt 
= + dt (Km+ [H+])2 (Kiv + [H+]) 
(2k'ctKrn2)[M(IIl)]t2 
(Km + [H+])2 
d[M(IV)lt (kdKm[H+ l)(M(III) ]12 (k-<1[H+])[M(II)][M(IV)lt 
= dt (K III + [H+])2 (K IV + [H+]) 
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(2k'dKm2)[M(III)lt2 (k1imK1v )[M(IV)l1 (k2irn[H+l)[M(IV)lt 
+ - -(Km+ [H+])2 (Krv + [H+]) (Kiv + [H+]) 
d[M(im.ine)J = (k1 imKrv)[M(IV)lt + (k2imfH+])[M(IV)]t 
dt (K IV + [H+]) (K IV + [H+]) 
